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Abstract

The objective of this thesis research is to develop and construct a wide-band,
high resolution, two-channel prototype acousto-optic correlation spectrometer (AOCS) to
analyze signals received by the three element millimeter-wave interferometer at Caltech’s
Owens Valley Radio Observatory (OVRO) which may be used to study the distribution
of carbon monoxide and other molecules in galaxies.

The proposed correlation spectrometer has the main advantage of large time-
bandwidth products and hence of low cost per frequency channel. Thus, it is suitable for
many scientific objectives that require both large bandwidth and high resolution, such
as mapping the distribution and temperature of the interstellar gases of galactic sources
and extragalactic sources or studying the atmospheric conditions of planets in the solar
system.

Phase switching has been used to reduce the zero level variation of this in-
strument, and is found to be more effective than other schemes used by the single dish
acousto-optical spectrometers.

Both the frequency resolution and the frequency coverage of this instrument
can be changed easily, and give it a flexibility not attainable by the filter-bank spec-
trometers. The relative light weight and compactness of this instrument make it a good
candidate for outer space applications.

An absolute calibration of the instrument has been attempted by using the

system temperature as a scale for both the correlated signal received and the noise fluc-
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tuation of the instrument. A statistical method has been used to measure the various
noise contributions of the instrument, which allows a very precise characterization of the
zero level stability and the noise degradation of the system. The visibility loss of the
present instrument was measured to be about 50%, and the noise degradation was about
40%. These losses were not due to any theoretical limitations but were the results of the
imperfections in the present setup. They can be improved in the future versions of this
instrument.

This instrument can be used to measure any RF spectrum and the cross spec-
trum of any two RF signals. Since it is a time integrating device, its sensitivity can be
as high as one desires. With phase switching, one can compare the frequency charac-
teristics of two closely matched microwave devices with great sensitivity. Because of its
compactness, low cost and high sensitivity, it could be a useful and practical instrument

for microwave measurements.
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Chapter 1

Introduction

1.1 Aperture synthesis and spectral line radio astronomy

Radio telescopes achieve high angular resolution by correlating the signals
from two or more antennas in a process known as aperture synthesis [33]. The complex
correlaton between the signals from a pair of antennas is proportional to the Fourier
component of the source map at a spatial frequency corresponding to the separation
between the antennas, measured in wavelengths.

When observations are made of the spectral lines emitted by atoms or molecules
in a distant astronomical object [84],{13], [14] the dimension of frequency is added to the
two spatial dimensions of the map. These spectral line maps contain a lot of information
that might reveal the physical conditions of the sources under study, such as the temper-
ature, velocity and mass of gas flows, to help us to understand the underlying physics of

the sources.

1.2 Scientific problems which require this new spectrometer

Because of the cost, one usually does not have a spectrometer with both large
bandwidth and high resolution. For example, the filter bank correlation spectrometer at

OVRO when this project began had only 32 channels and a total bandwidth of 32 MHz!

!The filter bank correlation spectrometer has now been expanded considerably, namely, 32 frequency

channels each with 5MHz of resolution, 32 channels with 1MHz resolution and 32 channels with 50KHz



At the CO(J=1-0) frequency (about 115 GHz), it covered a velocity range of about 83
km/s. For nearby galactic objects (such as circumstellar star IRC10216 and planetary
nebula NGC7027 [64] ), which have a fairly small velocity spread, this velocity coverage
was sufficient. But for extragalactic objects, which tend to have a much larger velocity
spread due to doppler line broadening, this velocity coverage was not enough. Since we
could not change the resolution or the bandwidth of the system, we had to use a less
than optimum instrument when observing extragalactic objects.

For example, extended CO(J=1-0) emission had been discovered from the very
interesting irregular galaxy M82, which appeared to explode outward from the nucleus
of the galaxy [58],[59]. But the velocity coverage of 83km/sec allowed us to look at only
a small portion of the gas distribution at a time, since M82 has a velocity spread of
about 200 km/sec. Hence, a thorough study of this object would have taken three times
more observation time. Obviously, this was not a good way to use our millimeter array
considering the total cost of the array and the cost of the backend spectrometer. Similar
situations were seen in IC342 [57] and M51 [85], which also have a large velocity spread
and thus we were restricted to study only part of the spectrum.

At higher working frequencies, this problem was even more severe since the
velocity coverage of the instrument is inversely proportional to the sky frequency. Thus,
at about 230 GHz (CO J=2-1 transition), the IMHz filter spectrometer covered only 43
km/sec. This was inadequate for studying most extragalactic sources.

Another case can be made in the study of planetary atmospheric conditions,
where high resolution and large bandwidth are required to probe deeper into the atmo-
sphere. For example, the CO (J=0-1) absorption line had been detected in the spectrum

of Venus [48] and Mars [49]. The spectral line shows a very narrow absorption core (about

resolution. Only two of these three filters can be used simultaneously due to the limitations in the

computer capability.



0.5 MHz half width) due to CO absorption at high altitude and very broad wings formed
at lower altitude against atmospheric continuum emission. High resolution spectrometry
is required to study the absorption core in order to determine the CO distribution high in
the atmosphere, while low resolution, wide bandwidth studies are required for the broad
wings at lower altitudes. Similarly, in the study of Titan [69], a resolution of about 1
MHz with a total bandwidth of more than 200 MHz is much more desirable than a single
continuum channel [6]. These contradicting needs for various scientific objectives clearly

requires a spectrometer with many channels and a high resolution.

1.3 Comparisons of major existing correlation spectrometers

Filter bank correlation spectrometers and digital correlation spectrometers are
the two most commonly used spectrometers in aperture synthesis.

Filter bank channel spectrometers are the first generation spectrometers [32],
[74]. Banks of filters are used to separate out different spectral components of the radio
signal, and each component is then detected by a detector at the output of each filter.
When RF signals from a single antenna dish are analyzed this way, the frequency spectrum
of the RF signal is obtained. When the RF signal is from the output of a multiplying
interferometer and the quadrature components of each spectral component are measured,
the cross correlation of the two antennas for each spectral component is obtained.

Filter bank spectrometers suffered from channel nonuniformity because of
the different filter responses from channel-to-channel [74]. This problem gets worse as
the number of channels increases because of the impedance mismatch from channel-to-
channel. Calibration must be done to correct for the channel non-uniformity. About
30% of power in any one channel is contributed by signal energy outside its half-power

band because of the roll-off characteristics of the filter. Furthermore, such spectrometers



are very inflexible because the resolution and the number of channels cannot be changed
easily.

If crystal filters (which are of higher qualities than the LC filters) are used,
then the cost becomes the dominating factor because each crystal filter costs most than
$300 each. Hence, the crystal filters alone for a 3-element interferometer with 64 channels
cost more than $60,000. Besides, crystal filters with a large bandwidth (say 1MHz) are
very expensive (>> $300 each). If LC filters are used, one is constrained by the Q-factor
of the filter, which limits the total number of channels and the resolution of the filter.
For example, it is very hard to design bandpass filters of the same bandwidth over more
than about a 3:1 range of center frequencies [67]. Besides, each filter must be manually
tuned and tested, and it is an extremely laborious process.

Digital correlation spectrometers, first proposed by Weinreb in 1963 [94], offer
the flexibility lacking in filter bank spectrometers. The power spectrum is derived by
Fourier-transforming the time-delay autocorrelation (or cross correlation function for
interferometers) of the signal. Simply by changing the sampling rate and the baseband
filter bandwidth, one can change the resolution of the spectrometer. It is very stable and
less expensive than the filter bank spectrometers. But there is a moderate quantization
loss during the initial analog to digital conversion [23],[26],[9],[10], and the hardware can
become prohibitively costly when the number of quantization levels is more than three.
Hence, it is a trade-off between hardware cost and system performance.

The most serious difficulty for this kind of spectrometer is that the spectral
bandwidth is limited by the speed of the electronics. Digital electronics are presently
difficult to implement with clock rates greater than 200MHz because of the delays of the
gates and the crosstalks between them. Because of the sampling theorem, this is to say

that the maximum bandwidth is less than 100MHz. But in millimeter wave astronomy,



we often come across situations that require a total bandwidth of a few hundred MHz [58].
In order to use the digital correlation technique in such a wide bandwidth environment,
one must prefilter the wide bandwidth signal to several smaller bandwidth signals, which
are then handled individually by digital correlators. Weinreb [95] has investigated the
cost of such hybrid implementation. The price tag for the hardware (excluding the labor
cost for assembling the components) for a single-channel hybrid spectrometer with 1.92
GHz bandwidth and 1920 resolution channels is about $200,000. To implement a similar
correlator backend for our OVRO millimeter array would cost at least $500,000. If an
array consists of 50 elements, then the cost would be over ten million dollars [95].

Chikada [19] has reported a new scheme to do the backend correlation for
the Nobeyama five-element millimeter array. Basically, hardware FFT chips are used to
transform the signals to frequency domain before they are cross-multiplied. The cross
products are then accumulated and stored in memory for further processing. The max-
imum bandwidth is 320 MHz, adjustable to different resolutions for the 1024 resolution
channels. With the support of the industries in Japan, this project has been completed.
However, to reproduce a similar system would cost over one million dollars [48].

In conclusion, the traditional filter bank correlation spectrometer or digital
correlation spectrometer or hybrid basically can do anything required in radio astronomy,
but the cost might be prohibitively high. The goal of this research to see if acousto-optical

technique can achieve the same performance less expensively.

1.4 The layout of this thesis

This thesis is divided into five chapters. Chapter 1 is an introduction to
this research, which has been presented. In Chapter 2, the prototype acousto-optical

correlation spectrometer is described. First, the single dish acousto-optical spectrometer



is reviewed. Then the architecture of the correlation spectrometer is described and its
significant features are highlighted. After that, each part of the instrument is described
in detail.

In Chapter 3, the system parameters that characterize the instrument are de-
fined and the factors that affect these parameters are described. The two most important
system parameters are the frequency resolution of the instrument and the signal-to-noise
ratio (SNR) degradation of the instrument due to the various effects. All the factors that
affect these two parameters are considered.

In Chapter 4, the performance of the instrument is measured. First the
methodology of calibration is explained. Then the experimental setup for the measure-
ment is outlined. The results of the measurements are then presented. The tests include
the noise measurement of each part of the instrument, the resolution measurement, the
sensitivity limit measurement, the visibility loss measurement, and the CW (single fre-
quency) in the presence of uncorrelated noises measurement. Some data of astronomical
measurement are presented at the end of the chapter.

In the concluding chapter, the various technical aspects of this research are dis-
cussed. Improvements to the present instrument are suggested. Finally, several schemes
of expanding a two-element correlation spectrometer to a multi-element array are pre-

sented. Their relative merits and practicalities are discussed.



Chapter 2

The acousto-optical correlation spectrometer

In this chapter, the prototype acousto-optical correlation spectrometer is de-
scribed. First, the single dish acousto-optical spectrometer is reviewed. Then the ar-
chitecture of the correlation spectrometer is described and its significant features are
highlighted. Detailed descriptions of each major part of the instrument are included in

appendix A.

2.1 The single dish acousto-optical spectrometers

2.1.1 The principle of operation

The theory of acousto-optical deflection has been developed and verified for
more than sixty years [12], [28]. The first acousto-optical spectrometer was built in the
early 60’s [54]. A commonly used configuration is shown in Fig. 2-1. It analyzes the radio
signal as follows.

The radio signal is fed into a Bragg cell and produces ultrasonic waves, which
deflect the incoming laser beam to different directions with different intensities depending
on the frequency spectrum of the radio signal. The scattered laser light is collected by
a linear array photo detector (such as a charge-coupled device or a photodiode array),
and the spectrum of the radio signal is calculated from the amount of light collected at

different directions. A summary of how the Bragg cell works is in appendix B.



2.1.2 The AOS in radio astronomy

Interest in making use of the acousto-optical effect to build large bandwidth,
high resolution spectrometers in radio astronomy was aroused by Cole [22],[24],[25], when
he developed a 1.5 MHz water-cell AOS with 20 KHz resolution. Since then, more

powerful and better AOS have been constructed [47], [62], [66].

2.1.3 The advantages and problems with the AOS in radio astronomy

The advantages of using the acousto-optical deflectors in spectrometry are the
large bandwidths, high resolutions, compactness (ideal for many applications in outer
space), flexibility, simplicity in construction, and their relatively low cost. However,
acousto-optical spectrometers also have their own problems. The most serious ones are
the drift and the stability [62],[63].

Radio signals from galactic or extragalactic sources are many orders of mag-
nitude weaker than typical communication or radar signals. In order to get a sufficient
signal-to-noise ratio, one has to integrate for a long period of time. If the correlator is
not stable enough, then there is a serious degradation to the integrated signal. Worse
still, if there is a slow drift in the zero level of the instrument, the change may completely
overwhelm the measurement. All kinds of mechanical vibrations, acoustic couplings and
device aging tend to change the zero level of the instrument in the long term.

Reéently, Masson[63] has reported the successful operation of a stable acousto-
optical spectrometer, which demonstrates, to a certain extent, that the zero level varia-
tion can be minimized by a careful equipment setting and by calibrating the instrument
frequently. Nonetheless, no one has been able to demonstrate that the acousto-optical
correlator is stable enough for radio astronomy. Indeed, if a correlator works on the inter-

ference principle, it is even more sensitive to disturbances than the simple spectrometer,



since the interference fringes would be destroyed long before any amplitude fluctuation
is seen. In a preliminary investigation, fringes had been seen to be destroyed merely by
talking. For a sensitive instrument like this to work, one has to find some way to stabilize
the instrument.

With a careful design of the mechanical mounting of the optical components,
the vibration isolation of the optical bench, the removal of sensitive optical components,
and the incorporation of a phase-switching scheme, it has been demonstrated in this
research that acousto-optical correlation spectrometers are stable enough for astronomical

measurements. The test data will be presented in Chapter four.

2.2 The prototype acousto-optical correlation spectrometers

2.2.1 Review of the different AOCS architectures

The possibility of using acousto-optics in interferometric spectrometry has
been widely recognized by our colleagues throughout the world. For example, two
Japanese groups [46],[19] and a Soviet group [30], had attempted to use acousto-optics in
interferometric spectrometry. However, none of those prototype instruments performed
well enough for them to be accepted by the astronomy community in routine observations.

The design used by Kai and Kosugi [46] consisted of an eleven-channel Bragg
cell, interfering RF signals from eleven antennas simultaneously, and was used for single
frequency observation of radio emissions from the sun at 160 MHz. Chikada {19] reported
an attempt to use acousto-optics for multi-element interferometry at the Nobeyama Ob-
servatory. The report concluded with the various practical difficulties of such instruments,
and their intention to abandon acousto-optics in favor of an FFT spectro-correlator. The
Soviet group [30] used an architecture that directly multiplies the RF signals in the time

domain before they are integrated. The scheme is elegant but there are no observational
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data available.
The architecture based on the interference of two deflected laser beams [19]
is adopted in this research because its architecture is very simple, and its popularity in

phase array radar signal processing [27] made it well understood.

2.2.2 General description of the prototype instrument

The prototype AOCS (Fig. 2-2) is similar to the one described by Chikada
[19]. Two single-channel Bragg cells are mounted on the two paths of a Mach-Zehnder-
type interferometer. The laser beam is expanded to match the aperture height of the
Bragg cells. The laser beam, after expanding in one dimension by the prisms, is split into
two parallel and equal-intensity beams and illuminates the Bragg cells.

These two beams are Bragg-diffracted by the radio signals received from two
antennas that drive the Bragg cells. Fach beam produces a spectrum of the radio signal
as in the single-channel AOS. The two deflected beams are then brought to interfere
with each other by a mirror and a beam splitter. Since different frequency components
are deflected at different angles, each frequency component of the two parallel spectra
interferes with and only with the same frequency component of the other Bragg cell and
produces interference fringes perpendicular to the frequency axis, similar to an ordinary
two-slit interferometer illuminated with partially coherent light (Fig. 2-3). With an area
array photo detector receiving the light, one can measure the fringe amplitude and the
fringe phase of each frequency channel, and so the complex cross-power spectrum of the

two signals can be calculated.

2.2.3 Extracting the fringes of each frequency component

As has been discussed above, different frequency components of the RF signals

are diffracted at different directions, and so they do not interfere with one another. But
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the same frequency components come out of the two Bragg cells in the same direction,
and they interfere and produce fringes like a two-slit interferometer. So the problem of
extracting the fringes of each frequency is the same as calculating the fringe visibility and
phase of a two-slit interferometer. Consider coherent light propagating outward from two
point sources with different amplitudes and phases (Fig. 2-4). The resultant amplitude

in the Fraunhofer region is:
U(8) = a1 exp j(pa, + 2ndsind/X) + az exp jdq, . (2.1)

The time-varying phase exp jwit has been left out for simplicity. The intensity in the

Fraunhofer region is:

1(6)

I

u0)u*(9)
= a4+ a2+ 2010, cos{2rdsinf /A + @), (2.2)

where ¢ is ¢q, — ¢a,. Let 01,02,05 and 0 be the angles such that 2rdsin 8/X = 0°, 90°,

1800, 270°, respectively. Then,

I(6,) — I(63) = 4ajazcosd (2.3)

I(62) — I(84) = 4ajazsing. (2.4)

Thus, one can determine the fringe amplitude and phase of the spectral correlation. In
principle, one needs only three measurements to extract the fringe amplitude and phase.
The advantages of taking four measurements are that the data-handling algorithm is
simpler and that one can also make a correction if the separation between measurements
is not exactly 90° (more details in Chapter 4).

If the point sources above are replaced by two rectangular apertures, then the
fringes observed in the Fraunhofer region are modulated by the diffraction pattern of
the apertures. The derivation is shown in Appendix C. This diffraction pattern must be

corrected before the fringes are extracted.
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2.2.4 Problems with the interfering AOCS

Basically, the problems with the interfering acousto-optical correlation spec-
trometers are the instability of the interference fringes, the difficulties in the separation of
different fringes produced by the various combinations of the RF signals, the efficiency of
the wide bandwidth Bragg cells, the laser power and the read-out rate requirement when
the number of elements is large, and the performance degradation due to the detector
noises [19].

Many of the above difficulties have been resolved as the technology advances
with time. Most notable are the improvement of the Bragg cell efficiencies and band-
widths [37], and the CCD detector sensitivity. These advances have made acousto-optics
attractive again, and it is important to find out if there are any fundamental difficulties
that cannot be overcome.

Based on the above experiences [46],[19], [62], it appeared that the most diffi-
cult problem was the stability of the instrument. Therefore, we focused on a prototype

two-channel correlation spectrometer in order to find out the stability of such instruments.

2.2.5 Features of the prototype AOCS
Single-channel commercial Bragg cells are used

The most distinctive difference between our instrument and Chikada’s is that
two single-channel Bragg cells are used instead of a single multi-channel Bragg cell. The
use of two single-channel Bragg cells lowers the cost and also avoids the acoustic couplings
between the channels that would give false correlation between the channels. For most
new multi-channel Bragg cell designs, this problem has been carefully reduced. With two
separate Bragg cells, it was found that the alignment of the Bragg cells and the phase

shift across the frequency channels due to the difference in path lengths could be difficult
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to handle practically.

Adjustable fringe separation

The separation of the two deflected beams from the Bragg cells can be adjusted
by moving the mirror at the end of one arm of the interferometer (Fig. 2-2). In this
way, the fringe width can be changed to match the detector geometry. This solved the

difficult problem of expanding the fringe to the dimension of the detector [46].

Adjustable frequency resolution

The focal lengths of the cylindrical optics can also be changed by adjusting
the separation between the concave and the convex lenses. This allows channel resolution
and hence the total bandwidth to be changeable. Thus, the instrument is much more

flexible than the filter-bank correlation spectrometers.

Phase Switching to remove the zero level

Phase switching is incorporated into the instrument by software. By alter-
nately adding and subtracting frames that are phase-switched by 180°, the zero level
fluctuation of the instrument is eliminated. This is a bonus feature compared to a single-

channel acousto-optical spectrometer whose zero-level has to be controlled [62],[63].

Compatibility with the existing backend correlators

The instrument was designed to operate in parallel with the existing filter
bank correlators. The slow phase switching (see later section on phase switching for more
details) had been incorporated and the data collection and integration of the AOCS had
been synchronized with the entire interferometer. The fast phase switching can also be

implemented into the AOCS by any of the following methods:
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1. The addition of an electro-optical phase modulator on one arm of the AOCS optical

path and phase switching at the fast phase switching rate.
2. Phase switching the RF going into one Bragg cell using a diode phase modulator.

3. Phase switching the RF going into one Bragg cell using a combination of an RF

switch and a 180° hybrid.

However, it had not been implemented because the control computer and the
CCD camera were not fast enough to handle all the data processing at the fast phase
switching rate, and implementing it would not give any improvement on the zero level

stability.

Inexpensive

In order to minimize the cost of such instruments, only components that are
commercially available and relatively inexpensive are used. The overall hardware devel-
opment cost for this prototype instrument (241 channels) is less than $20,000, including

the cost of setting up the optical table and support.
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Chapter 3

System analysis

In this chapter, the system parameters that characterize the instrument are de-
fined and the factors that affect these parameters are described. The two most important
system parameters are the frequency resolution of the instrument and the signal-to-noise
ratio (SNR) degradation of the instrument due to the various effects.

The frequency resolution is basically limited by the time-bandwidth product
of the Bragg cells, whereas many factors can contribute to the SNR degradation, namely,
the detector noises, the A/D quantization error, the Bragg cell noises, the laser wavefront
distortion (phase coherence) due to the surface roughness of all optical components or
the air turbulence, and the fringe smearing due to the finite size of the detector pixels.

These factors can be categorized into two types:
1. The lowering of the sensitivity by adding noise to the system.
2. The lowering of the visibility of the correlated signal.

The SNR degradation analysis provides answers to many system design ques-
tions, like the kind of detector to be chosen, the quality of optical components to be
used, and the laser power required, etc. The sensitivity degradation can be related to
the system time-bandwidth product, the charge capacity of the detector, and the frame
time of integration. Thus, the optimal power requirements for the optical illumination

and for driving the Bragg cells are obtained once the frame time of integration and the
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area array detector characteristics are specified. These formulas will be derived in this

chapter.

3.1 The frequency resolution

3.1.1 The definition of the resolution of the Bragg cell

The Rayleigh criterion is usually used to define the resolution of the Bragg
cell [90]. When the Gaussian profile of illumination is considered, the resolution may be

degraded by up to 25%, depending on the criteria used [77],[41].

3.1.2 The limit imposed by the time-bandwidth product of the Bragg cell

The effective time-bandwidth product is the same as the number of resolution
elements (the ratio of the total bandwidth to the frequency resolution) [90],{92]. For
the Bragg cells used in this research, the acoustic transit time is 10.0 us, and the 3 db
bandwidth is 100MHz, so the maximum number of resolution elements is about 1000 and
the best channel resolution is about 100KHz. The higher resolution requirement prefers
longer Bragg cell apertures, but this is hampered by the increased acoustic attenuation

and the difficulty in impedance matching [42].

3.1.3 The Gaussian beam profile of illumination

The intensity profiles of most laser beams are Gaussian and can be controlled
by adjusting the beam expander. The effect of this Gaussian beam profile of the illu-
mination has been modelled by Hecht[42], using the concept of weighting function [54].
Basically, the superposition of the Gaussian profile on the finite aperture suppresses the

sidelobes, although the resolution is slightly degraded [77], [41].
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3.1.4 The acoustic attenuation in the Bragg cell

The effect of acoustic attenuation in the Bragg cell has also been modelled by
Hecht[42], using the concept of weighting function ‘[54]. Combining with the Gaussian
beam profile of illumination, the acoustic attenuation causes an intrinsic exponential
decay weighting, which modifies the acousto-optic index modulation, and thus causes
a shift in the peak position of the Gaussian weighting function as well as a decrease
in the peak amplitude. But there is no change in the shape or width of the Gaussian
weighting function. Numerical calculations have been done by Hecht [42]. Typically,
with a truncation ratio of 1, the 3 db lobe width would be widened by about 15% for
an acoustic attenuation up to 12 db across the aperture. Thus, the resolution would also
be degraded by about 15%. Most commercial Bragg cells have an acoustic attenuation
much less than this, and thus the acoustic attenuation does not cause much degradation

in the resolution.

3.1.5 The degradation of the resolution due to optical alignment errors

For the AOCS, misalignment of the Bragg cells can cause the different fre-
quency components to be focused onto different positions and causes many undesirable
effects. One of these effects is that the diffracted spots are tilted with respect to one
another (Fig. 3-1), and thus the interference is spread across several frequency channels
instead of just one channel. The resolution is thus degraded. The amount of resolution
degradation depends on how well the alignment is made. Experimentally, a resolution

degradation of less than 50% can be achieved with very simple alignment adjustments.
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3.2 Radiometers

3.2.1 The radiometer equation

The sensitivity of a radiometer can be characterized by the following radiome-

ter equation [31]:
AT 1
= —— (3.1)

T, VBT’

where T is the system temperature of the radiometer, B is the channel bandwidth, and

T is the integration time. AT is the statistical detectable temperature change of the

radiometer.

3.2.2 Effect of system gain fluctuation

When the system instabilities such as gain variations are taken into consider-

AT / 1 AG
o _— — )2
Ts BT +( G ) ’ (32)
A

where £5* is the fractional r. m. s. gain variation of the system. Such gain variation

ation, (3.1) becomes:

can easily dominate the sensitivity of a radiometer. For example, a 1% gain fluctuation
would give a statistical fluctuation of 5° K when the system temperature is 500° K. This

would overwhelm a lot of signals.

3.2.3 Reducing the gain fluctuation by phase switching

Many schemes have been proposed to reduce this gain fluctuation [29],[73],
[72],[83],[7]. The essence of all these schemes is the introduction of a reference noise
signal into the system either by switching or adding. As a result, the sensitivity suffered.

For an interferometer system, phase-switching the two RF signals by 180° is a

very powerful way to remove the gain fluctuation. Since it does not involve the introduc-
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tion of a calibrated noise source into the signal, it does not cost any SNR degradation.

This useful feature is implemented in the AOCS described in the previous chapter.

3.3 The AOCS as a radiometer

The AOCS can be used to measure the cross spectrum of two very weak RF

signals, and hence is a kind of radiometer.

3.3.1 The black box model

To facilitate the discussion of the AOCS SNR degradation, one can model the
AOCS as a black box (Fig. 3-2), such that the inputs to the black box are the outputs of
the ideal radiometer, and the outputs of the black box are the actual radiometer outputs.
That is, the inputs are s;, the actual signal to be detected, and n;, the system noise. The
" outputs are s,, the estimated signal, and n,, the degraded system noise. Both n, and s,

may be degraded by various mechanisms.

3.3.2 Two major mechanisms of the AOCS SNR degradation

For the AOCS, the degradation in the SNR can be attributed to two major
mechanisms. The first mechanism is the addition of noises by the AOCS to the system
noise; i.e., n, > n;. This degradation for the AOCS is the same as for the single dish AOS.
The second mechanism is the degradation of the actual signal; i.e., s, < s;. Physically, it
is the degradation of the visibility of the correlated signal by various effects, such as the

phase incoherence. This degradation has no analogue in the single dish AOS.
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3.3.3 The definition of the radiometer SNR degradation

The degradation in the radiometer SNR p, can be defined to be:

Si/ni

So/no

pr = - 1. (3.3)

When there is no degradation, p, = 0. When the output SNR is only half the input SNR,

pr = 100%.

3.3.4 The definition of the AOCS sensitivity degradation

The radiometer sensitivity degradation usually refers to the degradation of
the radiometer SNR because of the addition of noises. To avoid confusion, this meaning
is always conformed to whenever this term is used in describing the AOCS sensitivity
degradation.

From (3.1), one can define the input sensitivity S;,, below:

Sin = ZE = 1 3
7] B, T

(3.4)

where p is the mean system noise power detected by one pixel of the detector, o, is the
statistical fluctuation of the power detected by the detector, B, is the noise equivalent
bandwidth of one detector pixel, T is the integration time. S;, is the sensitivity of the
ideal system (i.e., without any detector noise degradation). p and all o’s are measured
in units of number of photoelectrons detected by the detector.

Assume that the added noises (by the AOCS) are small compared to the system
noise, so that the added noises do not change the mean system noise power u; one can
obtain the the sensitivity S,y at the output of the black box:

P

Sout = s (35)
u

where u is the same as above, and o2 = o2 + 03 is the total variance of the noise power

detected (including the contribution by the black box noise 02).
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The AOCS sensitivity degradation parameter p; can be derived from the ra-

diometer SNR degradation parameter p, by keeping s; = s,:

L Sout gz
po= 5 - (3.6)

3.3.5 The definition of the visibility degradation

As mentioned above, the second mechanism that degrades the AOCS SNR is
the degradation of the measured signal. This degradation comes in the form of visibility
loss of the correlated signal. The detailed mechanisms for the visibility loss will be
discussed later in this chapter. The visibility loss contributes to the degradation in the
AQCS SNR in the same way as the AOCS sensitivity degradation.

First the visibility V' of a fringe is defined to be:

V =< Imaz "Imin >

3.7
Imaz + Imin ’ ( )

where I, and I,;, are the maximum and minimun intensity of the fringe, and <>
represents the ensemble average of the measurements. From this definition, one can
measure the visibility loss.

Suppose some physical mechanisms cause a small change AT in the measure-
ment of the intensity I, AI << I, then the change in the measured visibility AV is

approximately:
2AT

AV =<« ———— >, 3.8
Imaz + Imin ( )

The fractional change in visibility is:

AV T (3.9)
v Ima:c - Imin ) ’

From (3.3), keeping n; = n,, one can see that the degradation in the AOCS

SNR is the same as the fractional loss in the visibility of the correlated signal.
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3.4 The SNR of the AOCS

3.4.1 The SNR of an ideal single multiplier correlation interferometer

The SNR of the ideal single multiplier correlation interferometer is given by
the following expression [79],[80],[70]:
S Te1T022BT

e <=3 (3.10)

N VIa1Te2

where Ty1 and Ty2 are the antenna temperatures of the signal, T3 and Tsy are the system

temperatures of the two antennas, B is the bandwidth, and T is the integration time.

3.4.2 The AOCS is a multiplying interferometer

The AOCS is a kind of complex spectrum multiplying correlation interfer-
ometer [19]. It differs from the single multiplier correlation interferometer only by the
replication of more channels. Hence, the AOCS is a kind of multiplying interferometer,
and its SNR is given by the same expression as above.

In Fig. 3-3 is shown a simplified representation of the AOCS. Let the system
noise voltage going into the two Bragg cells be N,;(t) and Nyz(t). Nai(t) and N,a(t) are
uncorrelated, and correspond to system temperatures of T,; and 7,2, respectively. Let
the correlated signal voltage received by the antennas be Sg; (t) and Sa2(t). Nap(t)+Sa1(2)
produce a power spectrum from Bragg cell 1, whereas Nya(t) + S,2(t) produce a power
spectrum from Bragg cell 2.

Since the different frequency components of the power spectrum are diffracted
to different directions and do not interfere, it is necessary to consider only one frequency
channel (as all the channels are equivalent). Let the Fourier components of this channel
over a period of time T due to N,y (t)+ Sa1(t) be Na1 + Sa1, and similarly, Nyo(t) 4+ Sa2(t)

give Nyo + S,o. Each Fourier component has both amplitude and phase. These Fourier
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components interfere and give an interference pattern at the detector.

The intensity of the interference pattern at the center of the detector is:
IO = lNal+Sallz+lNa2+Sa.2|2+(Na1+sa1)*(Na.2+Sa.2)+(Na1+Sa1)(Na2+Sa2)*- (311)

The intensity of the interference pattern with respect to the angular coordinate

@ can be represented by:

2ndsin §

I(8) = |Nay + Sa1|* + | Nag + Sazl|® + 2| Nag + Sa1|| Naz + Saz| cos( 5

+ o), (3.12)

where # is measured from the center of the two diffraction slits, d is the distance from
the slits to the detector, A is the wavelength of the illumination, and ¢y is the phase
difference between the signals (Na1 + Sa1) and (Nai + Saz). | | denotes the absolute
amplitude.

The first two terms are constant biasing terms, and do not give any fringes.
The last term contains cross products of the signals and noises, and has the same form
as a single multiplier correlation spectrometer. So, by measuring I(0°) and I(180°) and
subtracting one from the other, the constant biasing term is removed while the cross
terms double up. Hence, this shows that the AOCS is a multiplying interferometer. One
also needs to measure I(90°) and I(270°) to obtain the quadrature component of the

complex correlation. An equivalent representation is shown in Fig. 3-4.

3.4.3 The degradation of the system sensitivity by the detector noises

The degradation of the system sensitivity by the added detector noise for the
single-channel acousto-optical spectrometer has been analyzed by a number of authors
[61],[62], [50]. The physical origins of the photo-detector noise have also been thoroughly
studied [8].

The detector noises can be classified into four main categories, namely, shot
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noise, thermal noise (or fixed pattern noise), amplifier readout noise and quantization
noise, the last being due to the A/D conversion of amplifier output into computer storage.
From (3.6) one can write

Oz

e | .
pa= 1, (3.13)

where o2 is the variance of the system noise power, ol = ol + 03 is the total variance
of the noise power detected, and 03 is the variance of the detector noise added to the
system. One can decompose 03 into o2, , + 0%, .m + agmp + aqzuan.

To reduce the sensitivity degradation, one would like the detector shot noise
to dominate over other noises, i.e., 0%, +0%,,, + 0%, << o2, ,. The theoretical limit
(best performance) is reached when the sensitivity degradation is dominated by the shot
noise of the detector. This can be done by using detectors with a larger charge capacity.

Assuming that this condition is satisfied, one can obtain a handy formula for the design

. . _— 2
purposes, using the relation p =07, .,

9y
Ps - 1‘*‘;'2‘_1

[ B.,T
= (1= (3.14)

When the system time-bandwidth product B, T << u, which is close to the

charge capacity N of the photo-detector, one gets:

B, T
2N

ps = (3.15)

This formula relates the time-bandwidth product of the system, the charge
capacity of the photo-detector and the sensitivity degradation of the system. It is also
known as the optical sampling theorem [63]. For example, if B, = 1 MHz, T = 0.1 sec,

and N = 108, then p, = 5%.
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For most photo-detectors at room temperature, 0,,,,. and agmp are usually
smaller than afh ot» provided that the detector is operated near saturation level. The
resolution of the A/D converter can be chosen by demanding that aguan = g << ol .=
i. q is the quantization step width in units of number of electrons of the photo-detector.
For example, if N = 10°, then a 10-bit A/D converter would make 02,,, less than 10%
of 030t

Although the above derivations are for the single dish acousto-optical spec-
trometer, the results can be directly applied to the AOCS, since the quadrature compo-

nents (or the fringe) of the correlation are obtained by some linear combinations of the

pixel readouts as described in the beginning of this section.

3.4.4 The degradation of the signal visibility due to fringe smearing

The finite size of the detector caused the smearing of the fringe amplitude and
a degradation of the signal visibility [61]. The net effect is to decrease the fringe visibility
by a factor sinc(”xg). The derivation is shown below.

For simplicity let the fringe intensity be represented by:

2rzD
Az

I(z) = Iycos( — ¢0), (3.16)

where I is the maximum intensity of the fringe, x is the coordinate of the fringe axis, D
1s the separation between the slits, z is the focusing distance for the fringe, and ¢g is the
arbitrary phase shift.

The fringe intensity measured by a detector of width y is:

zoty 2rzD
I(Io, y) = / 12 Io COS( Nz - ¢0)dx
I()"-2
2120 D . yD
= Ipcos(=2 ~¢o)sznc(y)—\—;). (3.17)

So the effect of the finite aperture size of the detector is to decrease the fringe
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visibility by sinc(%‘—g-). As an example, if 115 = &, then sz‘nc(%‘—g) = 0.95, since %5 = AzD.
Hence, there should be at least 6 detector pixels per fringe if the smearing

effect is not to degrade the signal visibility by more than 5% [61].

3.4.5 The degradation of the signal visibility due to mechanical instability

Mechanical instabilities are difficult to characterize and predict. Transient vi-
brations would likely cause the fringe phase to fluctuate, thus either temporarily destroy-
ing the fringes or degrading the signal visibility. More permanent mechanical movements
or deformations may cause misalignment in both the frequency and the fringe dimension,
thus degrading the system resolution, changing the frequency scale or the setting of the
fringe separation. If the measurements are not corrected for the change in the fringe sep-

aration, the fringe visibility (computed from four pixel measurements) would be further

degraded.

3.4.6 The degradation of the signal visibility by optical surface irregularities

In this section, the effect of the surface roughness of the optical components
traversed by the laser beams is considered. The surface roughness causes the incoming
coherent laser beam to be scattered and depolarized [1]. The depolarization effect can
often be ignored for highly smooth surfaces compared to the random scattering loss.

In Appendix D, Chandley’s work [16], [17] for the coherent loss of a single
optical surface is extended to an interferometric system. The ensemble average of the in-
tensity due to two distinct but highly coherent (both spatially and temporally) apertures
in the Fraunhofer region is calculated by assuming that surface roughness causes only a
phase front variation of the incoming laser beam. To first order, the surface roughness
causes a reduction of the total illumination by a factor of e %% [82], where aé denotes the

r. m. s. phase variation of the laser beam due to the optical surface roughness. Hence,
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the visibility is also reduced by the same factor (upper bound). Although the r. m. s.
surface roughness of laser quality optics is about < 5%5, which gives a visibility loss of
less than 1%, the surface accuracy is usually less than A/20 and hence the visibility loss
may be as high as 10% per surface.

The formulation in Appendix D allows other physical effects to be treated
in the same manner; i. e., from the physical effect one computes the equivalent r. m. s.
phase variation, and the visibility degradation is then computed from the autocorrelation

function of the phase variation.

3.4.7 The degradation of the signal visibility by air turbulence

In this section, the effect of air turbulence that affects the coherence of the laser
beam is considered. The effect of the air turbulence is to introduce a phase fluctuation
in the propagating plane wave front, and thus causing a degradation in the coherence.

The theory for propagation of a plane wave through a random weakly fluctu-
ating medium has been well developed [87], [88], [55],[43]. In this section, the formulation
by Ishimaru [43] is used with the results derived in Appendix D to compute the effect
of air turbulence on the interferometer. The basic assumption is that the turbulence is
homogeneous and locally homogeneous [43] and that the Fresnel zone size (A L)';' is very
much smaller than the correlation distance lg of the turbulence. This means that the
geometric optic approximation is valid, and that the log amplitude fluctuation is unim-
portant compared with the phase fluctuation. This assumption is justified because of the
scale size of the turbulence L < 1m (being restricted by the optical path of the system),
so AL < 6.328 x 107 "m? < 2. (I, has a typical value from Imm to 1 cm). From Ishimaru
[43], one has:

k3
o} = 0.7817Cn*k* LL§, (3.18)
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where o denotes the r. m. s. phase fluctuation, C,, is the structure constant of the index
of refraction fluctuation typically from 109m™% to 10~7m™s [43], k is the usual wave
constant, L is the distance of the scattering medium to the observer, Lg is the outer scale
of turbulence (the size at which energy enters into the turbulence). Lo may be as large
as 10m in open ground.

Assuming Lo to be 10m, L to be 1m, o, varies from 3.4° (weak turbulence)
to 342.89 (strong turbulence) at 633 nm. The figure is obviously unacceptable for strong
turbulence. Fortunately, in the confined laboratory conditions where the instrument is
placed, the outer scale of turbulence can never be as large as 10m. A reasonable guess
for it is 1m. With some confinement it can be made to be 0.2m. If Ly is 0.2m instead of
10m, o, varies only from 0.13° to 13.2°. This figure is good enough for the instrument
since the r. m. s. phase fluctuation due to the optical surface roughness is about 1° [71].
The degradation in signal visibility due to air turbulence can be treated in the same way

as in the previous section and is not repeated.

3.4.8 The degradation of the signal visibility by the misalignments of the

optical system

Misalignments cause losses in the visibility. When the two beams are not
parallel, some of the correlated signal is wasted and so the visibility is degraded. It is
difficult to characterize the visibility loss due to misalignment. In practice, one would
try to align the optical system as best as one can. The visibility loss can be measured
according to the formula in Section 3. 3, and was found to be the major loss mechanism

of the prototype instrument.
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3.4.9 The atmospheric effects

In the previous section, only the effect of the air turbulence was treated. In
fact, there are also other effects due to the atmospheric conditions that may affect the
signal visibility. In general, there are the absorption and the scattering due to the aerosol
and molecules present in the air [60]. Since the optical path traversed by the laser beams
is very small (about 1m), these atmospheric effects are not very important compared to
the other effects. The Rayleigh volume scattering coefficient for standard air at 0.63um
is 7.05710~%m~1 [75], and hence the effects due to the aerosol and molecules are indeed

negligible.

3.5 The RF Power and the illumination requirements

The laser illumination ¢ is related to the optical efficiency of the system 5 and

the Bragg cell RF drive power P by the following formula:

Ao

$= TnPB,’

(3.19)

where A is the effective area of illumination, o is the detector sensitivity (i.e. the optical
power required to saturate the device, in units of pJ/ em?), T is the integration time,
and B, the diffraction efficiency of the Bragg cell (% per Watt).

In order to find out how much laser power the system requires, and how much

RF power is needed to drive the Bragg cells, one must do the following efficiency analysis.

3.5.1 Optical Losses

All the factors that lead to any optical loss of the system are itemized below:

1. The polarization loss — The laser is unpolarized. Both polarizations have sim-
ilar losses in all the factors below except for the prism beam expander. The S-

polarization has a larger loss compared to the P-polarization [44]. So it is preferable
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to use a polarized laser and adjust the beam to be P-polarized with respect to the
prism beam expander. The relative transmission and reflection with respect to the

incident angle for both polarizations are shown in Fig. 3-5.

2. The beam expander loss — From Fig. 3-5 one can find out the loss for each po-
larization per prism beam expander stage. Experimentally, one can assume a 40%
overall efficiency for the two stage prism expander [66]. If we apply anti-reflective

coating on each surface, an efficiency of 60% may be achieved.

3. The beam splitting — One can assume that the beam is equally split without any

loss except for the few percent of loss due to internal reflection (ghost images).

4. The transmission loss of every optical component — Assume each cylindrical lens
transmits 90% of the incoming light; then we have 66% of incoming light left after
passing 4 cylindrical alignment lenses (with good anti-reflective coating, we may
achieve 96% transmission per lens). The mirrors are 96% reflective and so the loss

per reflection is 4%.

5. The spatial filter loss — The slit width of the spatial filters is about 0.1mm, so only

about 20% of the light passes through the filters.

From the above considerations, it is safe to assume that about 2.5% of the light passes

through the system.

3.5.2 The Bragg cell efficiency

Assuming an input RF power of 0.1W and the diffraction efficiency of the
Bragg cell to be 10%/W RF (peak), then 1% of the input power would be diffracted into
the detector. The RF power can be raised to a maximum of 3W (continuous rating) to

improve the diffraction efficiency.
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3.5.3 The detector efficiency

The quantum efficiency of the CCD chip is around 60% and its sensitivity is

about 0.07pJ /em?.

3.5.4 The fringe diffraction pattern

Assume that light falls uniformly within the main diffraction lobe, which is
about 3 fringes wide, with each fringe covering about 128 pixels (the actual intensity dis-
tribution is a sinc? function and 90% of the illumination falls within the main diffraction
lobe). So the effective area illuminated by the laser beam is about 3 x (128 x 16pum) x

(403 x 20um).

3.5.5 The illumination requirement

If the device is to achieve full saturation within one frame time (say 100ms),
then we need an input illumination ¢ of:

A0.07uJ /em?
100ms(1%2.5%)

= 1.5mW. (3.20)

¢

Hence, the illumination is adequate with a 2mW laser with the RF drive power at 0.1W.

3.6 The data rate

From the fundamental Equation (3.15), one can specify the integration time
(or frame time) from the other system parameters. The smaller the system frame time,
the lower will be the detector noise degradation to the SNR. However, the frame time
cannot be arbitrarily assigned to any value. The reason is that the system needs to do a
lot of computation for every frame readout. So, the frame time has a lower limit imposed

by the speed of the backend computer.
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The task that the computer has to do absolutely for every frame readout is to
integrate the data. If corrections for the AOCS gain and phase fluctuation are desired
by injecting a reference signal, the correction also has to be done within this frame time.
Other corrections such as the corrections for the pixel gain variation and the diffraction
pattern of illumination can be done after the integration has been completed and recorded
into disk files.

For the present system, a frame time of 0.1 sec has been achieved by writing
critical portions of the data processing in assembly language. A frame time of 50 msec

is achievable with a faster machine like the IBM PC/AT.
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Chapter 4

The performance measurement of the AOCS

In Chapter 2 the hardware operation of the instrument was described, and in
Chapter 3, a theoretical analysis of the instrument was presented. In this chapter, the
actual performance of the instrument that was measured is presented and compared with
its theoretical predictions. An absolute calibration of the instrument was attempted by
using the system temperature as the scale for both the correlated signal received and
the noise fluctuation of the instrument. A statistical method was used to characterize
the noise fluctuation so that the noise contribution from various parts of the instrument
can be compared with the theoretical system noise fluctuation. The visibility loss was
measured to be about 50%. The noise degradation of the AOCS was about 40%. These
losses were not due to any theoretical limitations but were the results of the imperfections
in the present setup of the instrument. They can be improved in the future versions of

this instrument.

4.1 The absolute flux calibration of the AOCS

For a multiplying interferometer, the absolute flux measurement is difficult
because of the various unknowns in the system gain. Practically, one always uses a
strong astronomical source (such as Uranus) as a reference for the flux calibration. For
the AOCS, there is a natural way to do the absolute flux calibration because the AOCS

output has a D. C. level. The idea is to make use of the system temperature as a scale
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for the correlated flux and the noise fluctuations. Consider only uncorrelated noises in
the system. From Equation (3.12) one can see that the D. C. level of the output is
proportional to the sum of the uncorrelated noise power of the two channels, and hence,
is proportional to the system temperature. Thus, the equivalent temperature of the
correlated flux and the noise fluctuations can be found from this scale.

One can also notice that such a scale can be established with many radiometers
such as the adding interferometers, which have a D. C. level. The D. C. level of the
radiometer output is usually proportional to the system temperature in some way. With

such a scaling, the absolute flux of the astronomical sources can be measured directly.

4.2 The gain non-uniformity calibration of the AOCS

The gain non-uniformity calibration refers to the correction of the various static
or slowly changing systematic variations of the output. In this section, the various effects
that cause such systematic variations are listed, including the pixel gain variation of the
CCD, the diffraction pattern due to the finite width of the slits, the Bragg cell response
non-uniformity, the Gaussian profile of the laser beam, and the zero level variation of the
CCD. All of these factors contribute to the static systematic variation of the detector
pixel output, and must be corrected. All these effects can be corrected in one single

calibration by giving every individual detector pixel a different gain correction factor.

4.2.1 The pixel gain variation of the CCD

The CCD detector pixels are not exactly the same. Each pixel has a slightly
different photo-electron conversion gain because of the differences in the device geometry
and the material homogeneity, and so the same amount of light falling onto different

pixels yields a different number of electrons.
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For CCD detectors, the photo gain non-uniformity is very small. Typically, it
is less than 0.5% throughout the array. With a phase-switching scheme, the correction
for the photo-gain non-uniformity is unnecessary. Individual pixel gain variations with
time due to device aging etc. are also very small compared to the other effects such as

the variations in the diffraction pattern due to the mechanical changes.

4.2.2 The diffraction pattern of the slits

Because of the finite width of the slits (about 100um), the amplitudes of the
fringes that formed from the interference of the two slits are modulated by a sinc function
(Appendix C). So, after the measurement has been taken, one must correct for the pixel
intensity variation of the diffraction pattern. This effect is much larger than the pixel
gain non-uniformity above and must be corrected. The differences in the slit widths (or
the intensity of the diffracted beams) may cause an extra biased level and a loss of fringe

visibility at the detector if not corrected.

4.2.3 The Bragg cell response non-uniformity

Another effect that causes the pixel intensity variation is the non-uniform
frequency response of the Bragg cells. The Bragg cell efficiency is peaked at 150MHz,
dropping by 3db towards the edges (100MHz and 200MHz). Hence, the amount of light
that falls on the central frequency channels is larger than that on the edge channels, and

the signal-to-noise ratio is also better for the central frequency channels.

4.2.4 The beam expander non-uniformity

The laser beam has a Gaussian profile, and when expanded, has a fairly large

intensity variation across the profile. After several reflections and beam splittings, the
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beams may have some non-uniformity and will lead to slightly different diffraction pat-

terns.

4.2.5 The zero level of the CCD and its determination

For the same reasons as the pixel gain non-uniformity, the dark levels of the
CCD pixels also vary. This fixed pattern noise can be measured and removed from every

measurement. It can be determined by integrating for some time with the RF signal off.

4.2.6 The determination of the pixel gain correction

With only uncorrelated noises going into the Bragg cells (or pointing the an-
tennas to the sky), the AOCS is allowed to integrate for some time. The zero level is
then subtracted from the average signal of each pixel. The pixel measurements are then
inverted and normalized so that the pixel reading of the strongest signal is normalized
to 1. A smoothing operation (say averaging the 20 nearby frequency pixels for every
individual pixel) is then applied. If the gain is very large (say > 3), then the gain is set
to O to mask out the pixel. This usually occurs near the edge of the frequency channels
where the illumination is weak. A typical set of pixel gain corrections is shown in Fig. 4 -
1. The calibration requires that the system IF level be relatively stable, and that the
correlated noise have the same IF characteristics as the uncorrelated noise. If they are

different, then the correlated noise should be used for pixel gain calibration.

4.3 The stability of the instrument

All the above static effects that cause the pixel gains to vary can be calibrated
away. However, there are many other dynamical effects that cannot be tackled easily.

They can be classified either as electronic instability or as mechanical instability.
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4.3.1 The electronic instability
The system zero level variation

The electronic instability causes the drifting of the zero level of the system.
This drifting is unpredictable and hampers the measurement much more seriously than
the various static non-uniformities [63]. From some preliminary measurements, the drift-
ing could be an order of magnitude larger than the theoretical noise fluctuation of the
system with a fixed input. Besides the CCD zero level variation, the whole system,
especially the front end receivers and the RF amplifiers, also has gain fluctuations that
could cause the zero level to change, and must be properly dealt with before any accurate

measurement can be taken.

The stabilization of the zero level by phase switching

By incorporating a phase-switching scheme, the drifting of the zero level can
be significantly reduced. Phase switching is a very powerful technique in interfero-
radiometric measurements. By alternating the radio signals received from one of the
two antennas by a phase of 180° and correspondingly adding or subtracting the cor-
related signal during integration, many long-term drifts and systematic errors can be
eliminated [86],[91].

For our millimeter interferometer array, there are three antenna dishes, and
the implementation of the phase switching is more complicated than a two-element in-
terferometer. As we have discussed, there are two phase-switching schemes implemented.
The fast phase-switching switches into two phases at a rate of 100Hz, 50Hz and 50Hz
respectively, alms at removing the zero level. The slow phase switches into four phases at
a rate of 5Hz, 2.5Hz and 2.5Hz. Besides removing the zero level, the slow phase switching

is also used to separate the upper and lower side bands by going through a four phase
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cycle.

As was shown in Chapter 3, the frame time of the AOCS was chosen to be 0.1
sec, so the fast phase switching cannot be used. The slow phase switching rate was set
to either 2.5Hz or 5Hz, depending on the baseline used.

Even with only the slow phase-switching scheme implemented, the zero level
has been greatly stabilized. The typical zero level (with only uncorrelated noise input)
after half a minute of phase switched integration is shown in Fig. 4-2.

The ratio of the r. m. s. fluctuation to the D.C. level is about 40% higher than
the theoretical 1/ V2B.T value. Ther. m. s. fluctuation versus time also agrees well with
this relation. The technique of the measurement is presented later in this chapter. Also
seen occasionally in some data sets are some very large spikes (40}, which could be the

result of the following:

1. Coupling between the video amplifier and the system synchronization circuit, espe-

cially through the 60Hz generated by the phase-locked loop.
2. RF coupling through the correlated noise source.
3. Transients in the RF amplifiers or in the noise generator.

4. Scattered laser light.

4.3.2 The mechanical instability

The mechanical instability affects the alignment of the optical system, and
thus, affects the resolution, the setting of the frequency scale and the fringe separation.
Transient instability causes only a temporary loss of signal coherence (or visibility), while
permanent changes cause the mechanical settings to change, and recalibration may be

needed.
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A lot of effort has been put into stabilizing the system mechanically, such as the
vibration isolation scheme of the optical table support and the removal of unstable optical
components from the system. When the system was left running without disturbances,
it was found that the fringe phases were visually stable to a fraction of a radian (up
to hours). However, when the optical table is disturbed, there may be large permanent
phase shifts. For continuous operations, it might be necessary to calibrate the fringe
phase of the instrument frequently to correct for any unexpected phase shift due to any

mechanical instability.

4.4 Data processing

4.4.1 Data processing tasks

As has been explained in the previous chapters, the CCD frame time was set
to 0.1 sec. That is to say, the computer has to grab one frame of CCD data every 0.1 sec
and process it before the next frame begins. Obviously, one would put all non-essential
processing steps at the end of the integration cycle. So, one has to distinguish the real
time tasks from the non-real time tasks. There are several processing steps that need to

be done on the raw data.
1. Integration - the data are accumulated onto some buffer area.
2. Zero level correction - the zero level is removed from the raw data.

3. Pixel gain correction - the data are normalized by scaling the net pixel readout with

its gain correction.

Of the above processing steps, only the integration is needed to be done for
every frame. The other two steps can be applied once per integration cycle or delayed

until the fringe amplitudes and phases are computed.
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The other non-real time processing tasks provided are:

1. Fringe amplitude and phase calculation — with four pixel readouts per fringe line
(90° apart on the fringe axis), the fringe amplitude and phase can be computed

after the correction for the zero level and the gain non-uniformity.

2. Side bands separation — if the signal is a double side band signal and a four-
phase switching is applied synchronously at the front end local oscillator and at
the integrating buffers, the side bands can be separated. The algorithm is listed in

Appendix E.

3. Phase correction — there is a linear phase shift across the frequency channels due to
the different optical paths traversed by the different frequency components on the
arms of the interferometer. A very small quadratic phase shift across the frequency
channels was also observed. The origin of this quadratic phase shift is due to the
compression of the frequency scale. This could be due to the misalignment of the

optical system or the aberration of the focusing lenses.

4. Fringe separation correction — if the fringe is not measured at 0°, 90°, 180% and
270° because of alignment, the fringe amplitude and phase can still be estimated
very accurately, provided one knows the separation between each measurement. Let
the four pixels measure Iy = Acos(¢a — dx), Iy = Acos(da), Iz = Acos(da + dx),
and I3 = Acos(¢a + 2¢x), respectively. A is the amplitude to be measured, ¢4 is
its phase, and ¢x is a known phase shift approximately equal to 90°. By simple

algebra, one can obtain

Ip— I

2sin qu
1

2sin? ¢x

Asingy =

Asin ¢A [Il - .[3 - (I() - Iz) COS(#)X).
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5. Tilt correction — if the CCD camera is tilted by more than a few pixels with respect
to the fringe axis, then the fringe can be corrected by offseting the pixels of each
fringe column. If the tilt is less than about 2 pixels across the fringe axis, the

correction is ineffective.

All the above tasks can be performed interactively by the user.

4.4.2 The data collection algorithm

For every CCD frame readout, the raw data are stored in a buffer area (the
data hold area) and accumulated onto another buffer area (the data integrating area).

There are three different cases:

1. No phase switching — the CCD output frames are accumulated in one single buffer
area. After the integration is completed, the zero level is subtracted to obtain the

actual signal.

2. Two-phase switching — the CCD output frames are added and subtracted alter-
nately in one single buffer area synchronously with the phase switching. The zero

level is automatically removed.

3. Four-phase switching — the CCD output frames are accumulated in two buffer
areas. The 0° phase and the 180° phase are treated as a pair and are accumulated
in one buffer area. The 90° phase and the 270° phase are treated as another
pair and are accumulated in the other buffer area. Additions and subtractions are

synchronous with the phase signal.

Compared to the two-phase switching case, the four-phase switching has this

advantage, that double side band signals can be separated without any reduction in SNR
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[89]. The disadvantage is that the phase cycle is twice as long and the zero level is not

as stable.

4.4.3 The fringe pattern

The observed fringe pattern is shown in Fig. 4-3. Notice the constant increment
of the fringe phase because of the different optical path lengths traversed by the different
frequency components. This is an undesirable effect, since the sausage pattern may show
up in the resultant fringe amplitudes of the frequency channels. It can be corrected by

putting in an appropriate phase correcter either in the RF signal or in the optical path.

4.5 The performance measurements

In this section, the techniques used to measure the system performance, namely,
the noise degradation and the signal visibility loss, are outlined, and the measurements

are presented. The unit of measurement is one step of the A/D converter output level.

4.5.1 The noise generator design

To measure the system performance, one can simulate the actual environment,
using a combination of correlated and uncorrelated noises. The circuit is shown in Fig. 4 -
4. The uncorrelated noises simulate the system noises of the radio telescopes, and the
correlated noises simulate the signals arriving at the radio antennas from the radio source.

The uncorrelated noises are generated by two RF amplifiers with the inputs
terminated to 50 ohms. The amplifier outputs are measured and are found to have an
equivalent noise temperature of about 300,000° K. The frequency characteristics of these
uncorrelated noise sources are less than satisfactory. In Fig. 4-5 is shown the single-

channel noise. The average is about 90 units. In Fig. 4-6 is shown the two-channel noise.
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The average is about 180 units, verifying that the uncorrelated power simply adds up. It
can be seen that the frequency responses are not very uniform.

The correlated noise is obtained by splitting the output of a noise generator
into two. The correlated noise has an equivalent noise temperature of 6500° K from each
output. In this setting, the uncorrelated noise power to the correlated noise power is
approximately 16.5db. The uncorrelated noises and the correlated noises are combined
and amplified together to drive the Bragg cells. To conserve the amplifier powers and to
avoid saturation, the signals are lowpass- filtered before they are amplified at the second
stage. There is also a variable attenuator on one path of the RF driver to compensate
for any gain mismatch of the two Bragg cells.

In order to simulate the tests in a phase-switching environment, a phase switch
composed of an RF switch and a 180° power splitter is made. The RF switch is controlled
by the system 10Hz signal. Since the 180° power splitter was not available, a 0° power
splitter was used, and a cable (approximately 0.6m long) was put on one arm to create
a 180° phase shift at 150MHz. This is perfectly all right for the noise measurements and
the CW measurement. When a correlated noise was used, the fringe visibility rolled off

from the center frequency.

4.5.2 The statistical noise measurement

There are two kinds of statistics. First is the statistics on various integrated
samples (the time average) of the same pixel. Second is the ensemble statistics of all
pixels on one frame or averages of many frames. The first kind of statistics is important
for characterizing the dynamic behavior of the system, namely, the zero level variations
of the pixels, the gain variations of the pixels, and the stability of the system. The second
kind of statistics is useful for characterizing the uniformity of the pixels, and for defining

the system sensitivity.
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4.5.3 The method of measurement

About 300 frames of data (30 sec integration time) are collected and individual
pixel statistics (first kind) are calculated. The ensemble average of the r. m. s. fluctuations
of the pixel readouts gives a characterization of the noise level of the measurement. The
r. m. s. ensemble fluctuation of the r. m. s. pixel fluctuation shows the uniformity of the
pixel noise performance. The measurement is repeated a few times to ensure accuracy.
All the r. m. s. fluctuations described here refer to the the r. m. s. ensemble fluctuation

of the r. m. s. pixel fluctuations.

4.5.4 The A/D converter noise measurement

The A/D converter, being a sample, was found to be defective and did not
work well when the input voltage was outside 3-0.3V (the full-scale input range of the
A/D converter being +5V). The test was done by injecting triangular waves into the
converter. Because of this, the converter was effectively an 8-bit converter and care had
been taken to ensure that the input signal was within the working range of the converter.
To increase the dynamic range of the A/D converter, the zero level was biased at an offset
beyond the normal working range and was found to work well.

By running the phase-switching algorithm with the video input to the com-
puter connected to a D. C. power supply for about 30 sec, the video amplifier noise and
the A/D conversion quantization noise can be measured. The r. m. s. pixel fluctuation

was measured to be about 60% of the theoretical system noise fluctuation.

4.5.5 The detector noise measurement

1. The CCD readout noise and the dark noise can be measured by setting up the

instrument in the same way as was intended for the real measurement, except that
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the optical path of the laser beam is blocked by covering up the CCD detector.
The measurement includes the noises due to the A/D quantization, the video am-
plication, and the detector dark level and the read-out process. By comparing this
measurement, with that above, one can find the detector noise performance. The
r. m. s. pixel fluctuation (A/D C + CCD zero level) was measured to be about

65% of the theoretical system noise fluctuation. A typical spectrum is shown in

Fig. 4 - 8.

. The above test can be repeated with the laser on, but the RF off. By comparing
the measured r. m. s. pixel fluctuation with that of the above, the contribution due
to the scattered light can be calculated. The r. m. s. pixel fluctuation was about
the same as above, indicating that scattered light does not contribute much to the

noise degradation.

. The detector shot noise can be measured in the same way as above, except that the
optical path is no longer blocked and the CCD camera is illuminated by uniform
white light. The r. m. s. pixel fluctuation is about 95% of the theoretical system

(RF) noise fluctuation.

. The overall noise (including the system noise) was measured in the same way as
above, with the Bragg cells driven by uncorrelated noises. The scale of the system
noise fluctuation was decided by the level of the system noise, which was about 560
units for one channel for the present setup. If the system noise level was scaled
up (say by an A/D converter with a larger dynamic range), then the system noise
fluctuation would also go up until it dominated. Because of the low dynamic range
of the A/D converter, the system noise contributed only half of the total noise, so
the sensitivity degradation p, was about 40%. The r. m. s. pixel fluctuation was

about 110 units in this scale.
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From these measurements, it is seen that the noise performance of the system
(i.e., the ratio of the r. m. s. pixel fluctuation to the D.C. level), with only uncorrelated
noise input, roughly follows the theoretical 1/ V2B.T value. The system noise contributes
about 1/2 of the total noise (noise output of the black box) and the system sensitivity
degradation is not shot-noise dominated.

It was also found that there were some noises coupled with the 60Hz cycle,
which showed up in the 2¢ switching integration but not in the 4¢ switching integration
even with the laser turned off. Since a 4¢ switching integration is used in the actual
observation, this coupling did not cause a very serious problem. They probably came
from the prototype card since the A/D converter, the video amplifier and the camera

phase-locked loop were all present, and there may be couplings between them.

4.5.6 Pure CW signal and the resolution measurement

To measure the frequency resolution, one simply injects a CW signal into the
Bragg cells. With the optical path of one channel blocked, the frequency resolution is
better than 1 channel. That is to say, the 3 db power width is less than one channel wide
(Fig. 4-7). When both optical paths are unblocked, the beams interfere. Because of some

misalignment, the frequency resolution of the fringe is about 2 channels wide (Fig. 4-8).

4.5.7 The limit of signal sensitivity

In principle, the limit of signal detection should be about 3¢ of the r. m. s.
noise fluctuation, which scales with 1/ V2B.T. However, when both the input signal and
the r. m. s. system noise fluctuations are less than 1 unit of the A/D converter, the
system sensitivity will be greatly degraded. This situation will occur when the dynamic
range of the A/D converter is small.

The reason for this is that under such conditions, the system is not shot-noise
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dominated, and the A/D converter sets a limit on the detection threshold. This is not the
same as the quantization noise of the A/D converter, which will go down as 1/ V2B.T. In
this situation, the A/D converter is simply insensitive to level changes smaller than 1 unit.
It is either always a ‘1’ or always an ‘0’. Of course, some random level fluctuations would
randomize this ‘1’ or ‘O’ situation and rescues a small portion of the signal. Nevertheless,
the signal is greatly degraded.

The situation is different if the system noise fluctuation is much greater than
1 unit. In such situations, the signal, even though small, would add a bias to the noise
fluctuation, and the A/D converter, which is sensitive to the noise fluctuation since it is
above 1 unit, would also be biased to a higher average value.

This has been observed at the first astronomical test of the instrument with a
very low dynamic range. By biasing the zero level of the video input, a higher dynamic
range (about 10 bits) has been obtained and this problem was fixed.

In Fig. 4-9 is shown a CW signal that is -6db that of Fig. 4-8. The figures
shown are the net-integrated outputs without any correction. Both have been integrated
for 30 sec. The signal is on the verge of the detection threshold. In Fig. 4-10 is shown a
CW signal that is - 12db that of Fig. 4-8 integrated for two minutes. The signal, although

still seen, is only about half of what it should be.

4.5.8 The vigibility loss measurement

The correlated noise tests were done to measure the visibility loss of the AOCS
by the various factors discussed in Chapter 3. Only correlated noises were put into the

system. Two different tests had been attempted.
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Integration without phase switching

Correlated noises are injected into the Bragg cells and integrated without phase
switching for two minutes. The zero level is then removed (Fig.4-11). The visibility loss
can be measured using the definition in Section 3. 2. This measurement suffered from the
zero level variation and the RF channel mismatch, since they obscured the determination

of Lnaz and I;,. The visibility loss is about 50%.

Integration with phase switching

This measurement is an indirect measurement of the visibility loss by com-
puting the fringe amplitude from the power of the correlated noise source and compares
with the measured fringe amplitude. This method does not suffer from the zero level
variation and the RF channel mismatch above. Correlated noises are injected into the
Bragg cells and integrated with phase switching. In Fig. 4-12 is shown one column of the
corrected data versus the frequency axis. The sausage pattern was due to the phase shift
explained in Section 4. 2. The roll off in amplitude from the center is due to the inexact
phase switching at frequencies other than the central one because of the cable.

The fringe amplitude measured was about 3 units. Since the two channels
are balanced, it corresponds to approximately 2T, where T, is the temperature due to
one single channel of the correlated noise generator. So, T, /T: = 1/60. From the power
measurement, 7, /Ty, = —17db = 1/50, and so the visibility loss measured by this method
is about 20% and is considerably smaller than that measured above. However, this
measurement suffered from the fact that the uncorrelated noise sources do not have a flat
frequency response, and differed from the frequency characteristics of the correlated noise
source. Hence, the visibility loss calculated from this measurement is not as accurate

as the above test. A more precise measurement should use the same correlated noise
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source for generating the uncorrelated noise power, which serves as a scale for the system

temperature.

4.5.9 CW in the presence of uncorrelated noises

In Fig. 4-13 is shown the result when a CW signal is mixed with the uncorre-
lated sources. The correlated signal is the same as without the uncorrelated noise. The
background is due to the channel mismatch of the phase switch. In Fig. 4-14 is shown
the result with only the phase-switched channel on (with uncorrelated noise). The phase
switching measures the difference of the frequency response and the self coupling of the
phase switch inadvertently. Interestingly, this may provide a novel way of calibrating two
very closely matched microwave devices. The two devices can be put on the two arms of
a “good” phase switch. By bhase switching and integrating, the mismatch of the device
can be obtained to an accuracy \/-—"%?. The phase mismatch of the two devices can be

measured similarly, with the other channel turned on as a reference.

4.5.10 Astronomical measurement

The instrument was used in test observations with the millimeter interferom-
eter at Owens Valley Radio Observatory. The moon was observed for three minutes, and
continuum fringes were seen (Fig. 4-15 - 4-22). The IF bandwidth of the system is from
40MHz to 120MHz, while the Bragg cell has a bandwidth from 100MHz to 200MHz. So,
only the mid channels (from channel 30 to 130) have a good signal input.

The T and Q component of the first buffer is shown in Fig. 4-15 and 4-16.
They showed similar fringes, shifted by 90° with respect to one another. The I and Q
component of the second buffer is shown in Fig. 4-17 and 4-18. No fringes were seen
because the upper side band and the lower side band shifted by 90° in opposite directions

and they canceled out one another. The fringe amplitudes and phases are shown from
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Fig.4-19 to 4-22. The phase has been corrected for the linear phase shift and the second
order non-linearity.

The absolute continuum flux measured was about a factor of three less than
what it should be, a factor of two came from the visibility loss of the optical system

described above, and the rest could be due to the following reasons:

1. RF mismatch - varies from 10% for frequency channels at the center to 50% for

channels near the edge.

2. Antenna efficiency change - the AOCS measurements were in units of the system
temperature, whereas the actual flux received is converted to the antenna tempera-
ture by assuming a certain antenna efficiency. The antenna efficiency may vary by

20% depending on the test condition.

3. Accuracy of the system temperature measurement - since everything is scaled ac-
cording to the system temperature, any inaccuracy would cause the measured flux

to be scaled in the wrong way.

4. Mixing of the side bands - since the interferometer was a double side band one, the
fringes of the upper side band and the lower side band were mixed up, and any
phase difference between the two side band components would cause a visibility

loss. This could give 10% of the visibility loss.

5. Phase stability - any phase instability in the optical system would cause fringe
decorrelations unrecorded by the system, and this could give 10% of the visibility

loss.

These measurements demonstrated that the instrument actually worked and
is stable enough mechanically and electronically for astronomical measurements. It is

just a matter of putting in more effort to make the instrument work better.
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Chapter 5

Conclusion

5.1 What does this research demonstrate?

In this research, a prototype acousto-optical correlation spectrometer has been
built. It has 241 frequency channels, with a channel resolution of 300 KHz. Both the
frequency coverage and the resolution of this spectrometer can be easily changed. The
hardware cost of this instrument is less than $20,000, which is only a fraction of the
cost of a filter bank correlation spectrometer with the same number of channels. It can
be made to be very compact and light weight, which might make it suitable for future
space-based correlators. The stability of this instrument has been demonstrated from
the various tests in Chapter 4. Phase switching solves the tough stability requirement
in astronomical measurements, which is a significant improvement over the single dish
acousto-optical spectrometers.

This instrument can also be used to measure any RF spectrum and the cross
spectrum of any two RF signals. Since it is a time- integrating device, its sensitivity
can be as high as one desires. With phase switching, one can compare the frequency
characteristics of two closely matched microwave devices with great sensitivity. Because of
its compactness, low cost and high sensitivity, it could be a useful and practical instrument

for microwave measurements.
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5.2 What have we learned?

5.2.1 The difficulties in the alignment

In this research, a very different setup of the interfering acousto-optical spec-
trometer was attempted. Instead of using a multi-channel Bragg cell, two single-channel
Bragg cells are used. The use of single-channel Bragg cells provides absolute acoustic
isolation of the channels and allows fringe widths to be adjustable. However, it also
introduces other difficulties. First is the difficulty in aligning the two Bragg cells. Mis-
alignment caused many undesirable effects such as the nonuniformity in the fringe spacing,
the nonlinear compression of the frequency scale and the loss of the illumination. The
other undesirable feature is the phase shift across the frequency channels, which must be
compensated by a phase corrector.

Weighing the advantages and the disadvantages, it seemed that a multi-channel
Bragg cell is more preferable, since a more compact system could be built, and the present
day multi-channel Bragg cell channel-to-channel isolations are much better (better than
40db). It is a matter of trade-off whether one uses a multi-channel Bragg cell or many

single-channel ones.

5.2.2 The stability is better than thought

The stability of the acousto-optical spectrometers has always been a concern
and there has been no good scheme that guarantees its stability. With the interferometric
spectrometers, there is a natural way to stabilize the zero level, which is by phase switch-
ing. From the measurement shown in Chapter 4, the zero level is very stable over a long
integration time. The main source of instability was from the electronics. Occasionally,

large spikes (4 o) were also observed. They may be due various reasons explained in

Chapter 4.
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5.2.3 A CCD frame grabber is preferred

In this research, the full potential of the CCD is not utilized. Instead of having
403 channels of frequency resolution (the CCD has 512 x 403 pixels), only 241 channels
are achieved. This is because the speed of the digital processor (both the A/D converter
and the computer) is too slow to process all the data in real time. If a frame grabber
is used together with a more powerful computer, a lot of problems associated with the

digital readout will be gone, and the full potential offered by the CCD can be realized.

5.2.4 The phase shift i3 a problem

The phase shift across the frequency channels (Fig. 4-4) causes the detected
amplitudes of the I and Q detectors to vary sinusoidally with respect to frequency. Al-
though in principle, the fringe amplitude, VT2 + QZ, should be constant, in practice,
there may be some residual effects because of the incomplete cancellation of the zero
level, optical misalignment etc. So, it is more preferable to remove this phase shift by

the addition of a phase corrector rather than by software calibration.

5.2.5 Can ideal performance be obtained?

The ideal sensitivity of the AOgS is the same as other multiplying interfer-
ometers. As has been discussed in Cha;;ter 3, the degradation of the SNR is due to
the loss of signal visibility and the addition of noises. The noise degradation, which has
been analyzed in Chapter 3, is very predictable and controllable. However, the visibility
loss of the present instrument is about 50%. Most of this visibility loss came from the
optical system misalignment and the RF channel mismatch. In principle, the visibility
loss can be made to be very small. With a better optical alignment system, and the

replacement of the faulty A/D converter, this instrument should be able to perform like
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an 1deal multiplying interferometer.

5.3 Possible improvements

Because of the budget constraints, many parts of the system are not made as
well as they should be. With a slightly larger budget, many of these deficiencies can be

removed. Here is a list of them.

5.3.1 Real time calibration

For continuous observation, one should provide a real time calibration scheme
for this instrument. Both the phase and amplitude can be calibrated by injecting a
reference CW signal into the RF. The computations required by this real time calibration
can be performed later, provided that the fringe phase is stable within the coherence time
of integration That is to say, the reference signal is also integrated as the other signals
over the coherence time. This calibration can be performed by the present instrument
with a little modification in hardware and software. Even real time calibration for every
frame readout can be performed with a more powerful computer (about five times as

fast).

5.3.2 DPossible improvements on the optical system

1. The homemade optical mounts should be upgraded to higher quality commercial

mounts so that the alignment can be done better and easier.

2. The laser should be upgraded to 5 mW and a variable beam attenuator should be

added to control the amount of light falling onto the CCD detector.

3. The beam expansion can be made larger to fully utilize the frequency resolution of

the Bragg cells by the addition of one more prism stage (a 2” x 2” laser prism is
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needed).

4. The spatial filters (slits) need to be replaced by commercial adjustable slits so that

there can be better control on the diffraction pattern.

5. The cylindrical lenses should be upgraded to laser quality ones with aberration

correction.

6. An electro-optical phase corrector should be provided to remove the phase shift.

5.3.3 DPossible improvements on the CCD camera readout

1. The faulty A/D converter should be replaced to improve the dynamic range of the

system.

2. A frame grabber should be used to replace the present read-out scheme. It may
cost a little more, but the number of frequency channels can be increased. A lot of
other problems associated with the digital readout during the development stage

can be avoided.

3. The phase-locked loop, which locked the camera with the system, should be re-
designed so that it is more stable. An alternative is to use a European/Japanese
camera that runs at 50Hz frame rate and can be locked directly to the system

without a phase-locked loop.
5.3.4 Possible improvements on the RF circuitry

1. A reference calibration signal should be provided.

2. The present VHF outputs (40MHz to 120MHz) from the antenna IF chains are for
the filter bank correlators, and do not match the frequency range of the Bragg cells

(100MHz to 200MHz) very well. A new down conversion scheme should be made.
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If Bragg cells with a much large bandwidth are used (say 1GHz), they may tap into

the IF (about 1.4GHz) directly without further down conversions.

3. Higher power RF amplifiers (1 Watt) should be used to avoid saturation problems.

5.3.5 Selection of the control computer
1. A machine with a 16 bit data bus should be used.
2. If aframe grabber is used, one would need a much faster machine such as a Microvax.

3. There can be a lot more improvements on the software. The user interface can be
expanded to provide more features for the convenience of the user. The system
interface should be improved so that more control signals could flow between the
antenna system and the AOCS to secure the data collection process. An example
is the checking of the system “integration valid” bit so that the phase cycle can be

repeated in case the front end phase-locked loop is in error.

5.4 What’s next?

5.4.1 Recognizing the advantage of optical processing

Optical signal processing is the most rapidly advanced field in recent years.

Optical signal processing offers many advantages over digital signal processing, namely,
1. massive parallelism in computation,
2. low cost per computation,
3. compactness.

Many high performance and compact devices with enormous power have been developed

at an incredibly low cost. For example, CCDs with 2048 x 2048 pixels have been devel-
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oped, and ordinary commercial CCDs with 512 x 403 pixels are available at a price of
$200, which is about $0.001 per pixel! Even if the whole system cost is included (say with
a camera system and a fast frame grabber), the cost is likely to be less than $0.025 per
pixel. If every pixel can be utilized as an integrator, one can get 200,000 integrators (or
more) for $0.025 per integrator. Similarly, Bragg cells are high quality channelized filters
with wide bandwidths and high resolutions. Currently, the cost is about $1 per channel
with bandwidths varying from 100KHz to 1MHz per channel. Compared to the crystal
filters, this is two orders of magnitude less expensive. It is a matter of properly utilizing
the full potential of these devices to make them very cost effective for various purposes.
Below are several possible schemes that may utilize the full potential of these devices to

perform the spectral correlations for many-element arrays at a very low cost.

5.4.2 Expanding a two-element correlator to a multi-element array

As has been discussed in the introduction, it is very expensive to do the back-
end correlations when the number of array elements is large. Below are three different
architectures that may provide a very cost effective solution to this problem. The prac-

ticality of these architectures is also discussed.

The interfering interferometer architecture

The interfering interferometer architecture (Fig. 5-1) [46],[19] is similar to the
two-element prototype adopted in this research. The RF signals from the array ele-
ments are passed into a multi-channel Bragg cell. The fringes of different correlations are
overlapped on the same detector position and have to be extracted by some algorithms.

The main disadvantage of this architecture is that when the number of array-
elements is large, there will be many different correlation pairs, and extracting them

without any degradation is very difficult. For example, the VLA has 27 elements and 351
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correlations. Building a 27-channel interfering acousto-optical correlation spectrometer
is almost impossible. The practical limit is about 4 channels with 6 correlations. The
other disadvantages are the channel cross talks and the difficulties in implementing a
phase-switching algorithm, which has been proved to be very effective in this research in

reducing the zero level fluctuation of the system.

The adding interferometer architecture

An attractive alternative is to use an adding interferometer architecture (Fig. 5-
2). Basically, it is very similar to a single- channel AOS, except that the Bragg cell is
fed with the sum of two RF signals to be correlated instead of a single dish signal. In
Fig. 3-4 was shown a setup with four channels, which is equivalent to the two-channel
interfering AOCS. If two channels are used instead of four channels, the sensitivity will
be degraded by a factor of 1//2.

So, comparing to the interfering architecture, this architecture uses 2N(N-
1) Bragg cell channels instead of N, where N is the number of array elements. The
advantage of this architecture is that no interference is needed, so the alignment is easy,
the RF signals to be correlated are matched, and there is no need to extract the different
correlations. Thus, this architecture is capable of utilizing the full potential of the CCD
and the multi-channel Bragg cells. Phase switching is also possible for this architecture.
For example, to expand the Owens Valley three-element millimeter array to 6 elements
with 15 baselines (or correlations), one would need a 60-channel Bragg cell and a high
performance CCD imaging system. Both are available commercially. Conceivably, the
total cost of such a system is an order of magnitude less than the corresponding filter

bank or hybrid digital-analog correlator with the same number of channels [95].
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The multiplying interferometer architecture

Another possibility, suggested by Esepkina [30] is a multiplying architecture
(Fig. 5-3). The signal from one antenna is passed into an acousto-optical modulator. The
diffracted beam is expanded and focused onto the second Bragg cell. The output is the
correlation of the two signals. Putting a cylindrical Fourier transform lens at the output
gives the spectral components of the cross spectrum. A laser diode modulated by RF
can also be used in place of the AOM.

This architecture also allows the full potential of the multi-channel Bragg cells
and CCDs to be realized, and allows phase switching. It uses N(N-1) Bragg cell channels
and N(N-1) AOM channels (or an N(N-1) laser diode array). The optical system is a little

more complicated, but is a good alternative from the adding interferometer architecture.
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Appendix A

The description of each major part of the AOCS

The spectrometer consists of the following major parts, namely, the Bragg cells
and the RF drivers, the optical subsystem, the CCD detector and the data read-out, the
timing and control circuitry, the control computer and the software interface. The design

considerations will be discussed as the operation of each part is explained.

A.1 The physical layout of the hardware

The hardware consists of an optical alignment system (which includes a laser,
a beam expander, a beam translator, a Mach-Zehnder type interferometer, spatial filters,
an optical delay, and some cylindrical transform lenses), two Bragg cells and their RF
drivers, an RF correlated and uncorrelated noise generator, a CCD video camera, a video
amplifier, an A/D converter, an interface controller prototype card, a Tecmar Labmaster
card, and a control computer (an IBM PC equivalent manufactured by Compaq). The
Bragg cells, the RF drivers, the CCD camera, and the alignment optics are all mounted
on the optical table.

The video amplifier, the A/D converter, and the control logic circuit are as-
sembled on a prototype board plugged into one extension slot of the control computer.

The circuit board is a double-sided prototype wire-wrapped /soldering board. The actual
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circuitries are shown from Fig. A-2 to A-8. The Tecmar card is plugged into an adjacent
slot of the prototype board and is connected to the prototype board by two bundles of
edge connectors and connecting cables.

The schematic diagram is shown in Fig. 2-2.

A.2 The Bragg cells and the RF circuitry

In recent years, many high quality Bragg cells became available commercially
at affordable costs. Bragg cells with bandwidths of 2GHz are not uncommon [37]. We
decided to experiment with an inexpensive one, with a good deflection efficiency and a
high resolution.

The chosen one is a low-cost Bragg cell with a modest 3db bandwidth of 100
MHz centered at 150 MHz. The peak deflection efficiency is 60%, achieved by acoustic
phase array beam steering [76]. It is made of TeO; crystals with an aperture height
of 4cm (access time is 10 usec). Thus, the time bandwidth product is about 1000. To
achieve the maximum deflection efficiency, it has to be driven at 6 Watts of RF power.
Hence, two RF amplifier chains with a maximum output of 0.5 Watt were built to drive
the cells. Additional RF circuits for testing the instrument were also built. They will be

discussed in Chapter 4.

A.3 The optical subsystem

A.3.1 The optical table and support

The instrument is set up on an 6’ x 4’ x 8” optical table top supported by
two layers of sandbags and tire inner tubes for vibration isolation. Concrete blocks are
put on top of each vibration isolation layer to maintain the level and even the loading.

The sand isolates the low frequency vibrations and the tire inner tubes isolate the high
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frequency vibrations from the floor. They are found to be very effective.

A.3.2 The laser

The laser is a ImW He-Ne gas Laser operating at 633nm. The spot size is
about 0.8mm with a divergence of 1.3mrad/m. The laser power requirement was figured
out after an analysis of the optical losses of the system and the detector sensitivity (see
the next chapter for more details). The cost of the laser is directly proportional to its
power, so the lower the power required, the less is the cost. There is no particular reason

for using He-Ne Laser other than its availability and its lower cost.

A.3.3 The beam expander

Expanding a laser beam by prisms [66] has the advantage that only one dimen-
sion is expanded, and the factor of expansion is adjustable. They are easy to use and have
very little phase distortion. Multiple prism beam expansion stages can be conjuncted to
get a higher expansion factor. In our setup, two 1” x 17, right-angled, BK-7, laser quality
prisms are used. The surfaces are highly polished with a mean surface roughness of 1/20
wavelength. After the expansion, the beam has a cross section of about 0.8mm x 2cm. A
single prism beam expander stage is shown in Fig. A-1. The expansion factors and the

losses with respect to the incident angle are also shown.

A.3.4 The beam splitter

The beam splitter is a 2” diameter glass plate coated with partially reflective
dielectric material (50% at 45° incident angle). A pellicle beam splitter had been used
and found to be very unstable. The ghost images of the plate beam splitters did not
seem to give any problem because of the presence of the slit spatial filters. The expanded

beam is split into two equal intensity beams by this beam splitter, and illuminates the
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Bragg cells.

A.3.5 The alignment of the Bragg cells

The Bragg cells are mounted on two homemade aluminum mounts. The
mounts can be adjusted in all degrees of freedom in three dimensions and can also rotate
in the plane of the beams. This allows the incident angle of the beams to be set to the
Bragg angle for maximum deflection efficiency. It is very essential to have the Bragg cells
aligned; otherwise, the diffracted beams would come out of the Bragg cells at an angle

to one another, causing the fringes to have nonuniform widths.

A.3.6 The spatial filters

Before bringing the beams together, the beams pass through two narrow slits.
The slits are homemade aluminum mounts with one razor blade on each side serving as
the edges of the slits. The slits serve two purposes. Firstly, they act as spatial filters and
cut down the scattered light and the ghost images from the beam splitters. Secondly,
they control the widths of the diffraction lobes of the fringe axis. The slit widths are

adjusted so that the resulting diffraction spot is much wider than one fringe width.

A.3.7 The optical phase delay

An optical flat is placed on a rotary mount on the pathway of one of the
diffracted beams. By rotating the optical flat, the optical path traversed by the beam
changes and so the delay is changed. In this way the fringe phase can be controlled
precisely. The optical flat has a thickness of 1/8” and an r.m.s. surface roughness of 1/20

wavelength.
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A.3.8 The beam recombination

The beams are brought to a very small separation in parallel by a mirror and
a beamsplitter at the other end of the interferometer. The beamsplitter is the same as
the one described above. This mirror, and all others used, have a diameter of 27, 96%
reflective at 0.63um ( 45° incident angle), and have an r.m.. surface roughness of 1/8
wavelength. Higher performance laser mirrors were not used out of cost effectiveness
considerations. The mirror is mounted on a linear translator. By moving the translator,
the separation between the beams can be adjusted. This is a very important feature since

it allows the fringes to be expanded and matches the detector geometry.

A.3.9 The cylindrical focusing lenses

After the beams have been brought back together for interference, they pass
through two cylindrical lens combinations. The first set of cylindrical lenses has focal
lengths of +25cm and -30cm. From them, effective focal lengths from 50cm to 100cm
can be generated by varying the separation of the lenses. This set of lenses is oriented
to focus the fringes onto the detector. The second set of cylindrical lenses has focal
lengths of +15cm and -20cm. From them, effective focal lengths of 30cm to 60cm can
be generated. This set of lenses is oriented to focus the frequency components onto the
detector. This set of lenses has to be mounted slightly tilted to the horizontal so as to
compensate for the tilting of the beams due to the Bragg angle difference. This helps to
bring the various frequency components to the same focal distance. The lenses are all
50mm x 60mm, optical quality lenses. They did not degrade the resolution (see Chapter
4) but they have caused some non-linearity in both the frequency and fringe direction

because of the lens aberrations.
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A.4 The CCD camera and the data collection

The detector is a modified RCA CCD camera (model TC2821). The CCD chip
on the camera is SID504, a small commercial device with 403 x 512 pixels. The pixel size
is 16 um x 20pum, and has a charge capacity of about 1.4 million electrons. The device
is extremely sensitive, with a quantum efficiency over 0.5 in the visible light range and a

signal-to-noise ratio better than 59db.

A.4.1 The area array detectors

The factors affecting the selection of the area array detectors are the cost, the
pixel size, the charge capacity, the light sensitivity, the detector noises and the dynamic
range. Photodiode arrays and CCDs are the most commonly used area array detectors.
The photodiode arrays used to have a distinct advantage over CCDs by having a higher
charge capacity (typically about 107). Hence, the shot noise degradation is smaller, and so
the photodiode arrays do not have to be operated as fast as the CCDs. The disadvantages
are the higher thermal noises, slower operating speed, lower sensitivity and thus higher

illumination requirement.

A.4.2 The low cost high performance CCD chip

In recent years, the CCD quality to cost ratio continues to rise as CCDs are
penetrating into many commercial markets. The charge capacity can be as high as the
photodiode arrays (e.g. 1.4 million electrons for SID504) in a smaller area. Because of the
superior device characteristics of the CCDs, they are preferred in many new applications.

While very high research quality CCD chips are available, they are relatively
expensive (>$5000) and require a lot of effort to get them to work (i.e., building the data

read-out circuitry for the CCDs). A way to get around all these labors and costs is to
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use a low cost CCD camera. The CCD chip is usually smaller but the quality is still
very good and the read out circuitry is provided. By slightly modifying the circuitry, the
camera was made to work very soon. The thermal noise and the read-out noise of the
device are very small. Since the camera is operated in the fast frame read out mode, they
are not very important as the shot noise dominates (see next chapter for more details).

There is a small price to pay for cutting the corner. Since the chip SID504 was
designed for TV applications, the architecture is less than perfect for our application.
The 512 x 403 pixels of the device are divided into two banks of areas each having 256
x 403 pixels. One of the area bank is used for actual integration, while the other is used
for data buffering. Such an architecture allows continuous integration while the data of
the last frame is being processed. So the effective number of pixels is just 256 x 403.

When the frame transfer command is received, the device simply shifts the
integrating area down to the storage area line by line. Thus, during the frame transfer, the
integrated signals are polluted by the light of the other lines during shifting. Fortunately,
the frame shift takes only about 1ms. Thus, if the integration time is 100ms, the pollution
is only about 1%, and is not too significant.

Although there are other CCDs that have a different architecture and which
do not have the above pollution problem, they do not have the high charge capacity, nor
have a worse thermal noise performance, nor have a worse light sensitivity. For example,
the Fairchild CCD222 has the data read-out transfer buffers, which avoids the above
pollution problem, but it has a smaller charge capacity (200,000), a worse thermal noise
(about 300e at room temperature), and a worse sensitivity.

The sensitivity of the CCDs is an important factor, which can affect the cost
of the whole system. If a high power laser is required to illuminate the system, or if

a high RF power is required to drive the Bragg cells, the system would be much more
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expensive.

A.4.3 The camera circuitry

The camera comes with two circuit boards for reading out the video signal
from the CCD at the standard EIA TV frame rate. There are two video timing chips
that generate all the required signals for the CCD chip. One is a standard T'V timing chip
for generating the frame sync signals, and the other is a custom LSI chip for generating
the three-phase signals necessary for operating the horizontal and the vertical charge
transfer circuits of the CCD. The CCD is read continuously at the standard TV frame
rate of 60 Hz, or an equivalent line rate of 15,750Hz.

Four modifications were made on the camera circuit.

The first modification [40] is to fix up the parts of the circuit that do not work
because of the longer frame time. A longer frame time is necessary because the computer
could not handle all the data processing within one standard TV frame time. The parts
are the three vertical line drivers for the CCD chip. By replacing the capacitances C6,
C12, and C18 of the circuit board by zener diodes 1N759A, the integration time can be
held indefinitely long. The modification is shown in Fig. A-2.

The second modification is to change the interlacing mode of the camera to
the non-interlacing mode. Since CCD SID504 is a very flexible device, one can achieve
a higher resolution by manipulating the three-phase signals in different orders. This is
explained as follows.

The image area of the CCD SID504 is entirely transparent, and the images
of external objects are mapped perfectly onto the image area. After the integration is
completed, the image area is segmented into 403 x 256 pixels (each pixel being a small
bucket of charge) so that they can be read out. The three-phase signals, when applied

alternately, would lower the potential of these buckets in a certain direction and cause
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the charges of the buckets to flow in that direction. In this way, the charge buckets are
shifted out sequentially, and each bucket remains intact with its charges [78].

Let the three-phase signals be labelled ¢1, ¢2, and ¢3. When they are applied
in this order to the CCD chip, the entire image area is segmented in a certain way. Now,
when the three-phase signals are applied in the order ¢1, ¢3, and $2, the image area is
segmented differently. Specifically, each bucket area is offset from the previous bucket
area by half a bucket width in the direction of the three-phase signals. By reading the
CCD chip alternatively in these two configurations, the resolution is made twice as good.
Of course, the corresponding TV signals must also be shifted by half a pixel size, so
that when the pictures overlap, they complement each other and give the viewer the
impression of twice the resolution.

This interlacing mechanism is very powerful in TV broadcasting, but could
cause problems in our application. Thus, it is suppressed by tying pin 24 of the LSI three-
phase timing chip (Ul on the circuit board) to +Vy4 instead of —~V4. The interlacing pin
is shown in Fig. A-3.

The third modification is performed to control the integration time (or frame
time) of the system. The way to control the integration time is to suppress the flow of
the control signals, which pass from one board to another by the analog switches. The
control signals include the cathode blanking (K.Blank), the composite sync (C.SY), the
horizontal drive (H.DR), and the vertical drive (V.DR). These signals are generated by
the TV sync generator (U5 of the circuit board) and fed into the CCD LSI timing chip
(U1). By blanking out these signals by the analog switches, one can inhibit the generation
of the CCD read- out signals by the CCD LSI timing chip.

The control signals coming out of one board are directed to an external circuit,

a prototype board described above. They are fed into some analog switches. The output
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of these analog switches are then fed back to the other circuit board of the camera. When
the external circuit desires a frame read-out, it will turn these anaolg switches on and let
the control signals from the TV sync generator pass through. This modification is shown
in Fig. A-4. Another way to do the same job is to analog-switch the CCD frame shift
signals and let the timing generators be intact [40].

The fourth modification is to lock the camera with an external phase- locked
loop. This is done by injecting the external phase locked loop signal into the TV sync
generator (Fig. A-3). This is necessary because the camera has to be synchronized with
the antenna phase switching (see more details later).

The above four modifications are all essential, but they are also chosen so that
there is minimal on-circuit modification of the CCD camera. The integration time (or
the number of frames) can be changed by a counter on the external circuit board.

The output video signal is a standard composite output, with a peak-to- peak
voltage of 1.0 to 1.4V. This output is amplified by a video amplifier (described below)

before it is sampled by an A/D converter.

A.4.4 The video amplifier

The A/D converter has an input voltage range of 5V or 10V, but the video
output of the CCD camera is a standard video composite signal with a considerable
smaller voltage range. So to fully utilize the dynamic range of the A/D converter, a
video amplifier was added.

The amplifier is a single wide band operational amplifier with some feedback
circuitry. The gain is adjustable from 7 to 20 by a trimmer on the feedback path. The
resulting bandwidth is larger than 50 MHz and the maximum output level is 2.5V, The

circuit is shown in Fig. A-5.
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A.4.5 The analog to digital converter

The A/D converter is a 12 bit hybrid analog circuit, which has a maximum
data conversion rate of 1 MHz. It has a built-in sample and hold circuit, and operates with
a minimum amount of external supporting circuitry and control signals. The accuracy
of 12 bits is computed from the requirement that the shot noise dominates other noises,
including the quantization noise due to the A/D converter. There is a quantitative
statement in the next chapter.

Since this device is a very new product, some instability has been found on our
chip when the input voltage is large. So care was taken to restrict the input voltage to the

A /D converter. The A/D converter and its associated circuitry are shown in Fig. A-5.

A.4.6 The A/D converter data multiplexing

The digital outputs of the A/D converter are three-states buffered. In princi-
ple, they can be directly wired to the data bus of the control computer for direct memory
access (DMA). However, the control computer, which has an 8-bit data bus, cannot latch
in all 12 bits of the A/D converter in one data cycle. Hence, the digital outputs of the
A /D converter are multiplexed onto the computer data bus in two data cycles by two
multiplexers. The least significant eight bits are multiplexed as the first byte, and the
most significant four bits preceded by four zeros are multiplexed as the second byte. The
order of multiplexing is dictated by the byte-wrapping structure of the 8086 architecture.

The circuit is shown in Fig. A-5.

A.5 The control computer and the timing and control circuitry

The control computer is a Compaq Plus IBM PC/XT compatible machine,

with an 8088 processor running at a clock speed of 4 MHz. There are 512K RAM on the
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mother board, and it has a 10Mbyte hard disk and a standard floppy disk drive. It is
also equipped with an 8087 math co-processor.

The computer is used for controlling the CCD camera, collecting the data, and
for reducing the data in real time. It is found to have adequate capacity for performing
all the above jobs. However, there are two deficiencies. First is that the data bus is only
8 bits wide, despite the fact that it is a 16 bit machine. This is not quite suitable for the
12 bit A/D converter. A computer with a 16 bit data bus is much better. The second
deficiency is the dynamic refreshing of the RAMs. This DMA request has the highest
priority, but is a nuisance to our application, since it interferes with the data collection

DMA request of the instrument.

A.5.1 The control of the integration time

The integration time is set to be an integral number of frames, each frame
being a 525-lines, standard TV frame, with a duration of 16.67Tms. A counter is used to
keep track of the number of frames accumulated. When the counter resets, the analog
switches will turn on, allowing one frame of the control signals from the TV timing chip
to pass through to the custom LSI chip, thus activating a CCD frame transfer.

The present design uses a Johnson counter and the frame count is controlled
by a dip switch on the prototype board. The dip switch can be set to 2, 4, 6, 8, 10 or 12.
Hence, frame integration time from 33.3 ms to 200 ms in steps of 33.3 ms can be chosen

by the appropriate setting. The circuit is shown in Fig. A-6.

A.5.2 The integration time

There are a few factors affecting the setting of the integration time (between
33.3 ms and 200 ms). The consideration is the degradation of system performance because

of the detector noises. The quantitative statement is given in the next chapter. Here a
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qualitative explanation is given.

The different kinds of noises associated with a detector are the photon shot
noise, thermal noise, and read-out noise. The photon shot noise varies with the square
root of the charges collected, and is inherent in all detectors. The only way to lower the
photon shot noise is to increase the charge capacity of the detector. The thermal noise
results from the thermal excitation of the device that causes some electrons to cross the
potential barriers. The read-out noise refers to the noise added during charge transfer
and output amplication. The thermal noise and the read-out noise are time- independent
and are usually much smaller than the shot noise when the charge capacity approaches
saturation.

To lower the shot noise, one can only increase the total charge capacity. By
reading out the data as fast as possible, while keeping the integrated charge level for
every frame close to saturation by stronger illumination, the total charge capacity-per-
unit time is raised. Hence, the integration time should be made as short as possible. This
is called the fast frame read-out mode.

The lower limit of the integration time is, of course, the time required to shift
out one frame of CCD data. This could be as small as a few ms if a special read-out
circuit 1s built. Even with the standard CCD camera circuit, the frame time is only 16.67
ms. However, this limit is not the only limit. Another limit that must be considered is
the time one takes to reduce the data (such as the data accumulation). By writing these
critical portions in 8086 assembly language, the computer can handle the data collection
and all the necessary computations in about 70 ms per frame. The actual frame time is
set to 0.1 sec for the convenience of phase switching. From the calculation shown in the
next section, one can see that the shot-noise degradation with a frame time of 0.1 sec is

less than 10 % (assuming the CCD pixels are near saturation when being read out).
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A.5.3 Synchronizing the data collection with the system phase switching

The interferometer has two phase-switching schemes incorporated. Both phase-
switching schemes phase modulate the front end local oscillator by injecting an appro-
priate phase at the lobe rotator.

The fast phase switching operates at 100Hz, 50Hz, 50Hz (t;vo phases alter-
nating at 180°) for the three antennas, and aims at removing the zero level and gain
variations. The slow phase switching operates at 10Hz, 5Hz and 5Hz for the three anten-
nas. The switchings are four phases (90°), and aim at separating the the two side bands
that are present in the same IF band. One phase cycle would take 0.8 sec to complete.

The fast phase switching was not implemented in the AOCS for the reason
discussed above. The slow phase switching was implemented by sending three bits from
the system to the AOCS, specifying the status of the phase cycle. The AOCS control
computer reads this status and take the corresponding action in the data collection al-
gorithm. In case an integrating error occurs in the AOCS computer, it will skip the next
few cycles until it reads the same phase again and repeats the integration.

The AOCS can make provisions for errors that occurred in the system during
integration by reading an external “data valid” bit from the system before deciding
whether or not to keep the data. This feature has not yet been implemented. During the
test run, the AOCS simply ignored all system errors that might have occurred during

integration.

A.5.4 Synchronizing the CCD camera with the antenna system

The CCD camera has a custom LSI chip, which generates all the sync signals
for the output video signal. The chip has an input pin that locks itself with the 60Hz

A.C.power supply. So the synchronization is achieved by supplying this pin with a 60Hz
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signal synchronized with the antenna system. The 60Hz signal is generated by a phase-
locked loop, which is locked to a 10Hz signal synchronized with the data integration cycle
from the antenna system. This 10Hz signal is necessary and cannot be derived from the
three bits of phase cycle signals above because the three bits are not synchronized with

the data integration cycles.

A.5.5 Synchronizing the data collection with the CCD camera

The most essential circuitry is the circuit to enable the control computer to
read in the data and to synchronize the data collection process. Just as the CCD camera
has been synchronized with the antenna system, so the CCD frame signals are used as
the synchronizing signals for the data collection process.

A lot of countings are done to synchronize the CCD camera video signal with
the computer data collection. The reason is that the computer basic cycle time is about
1 ps, while the CCD video signal is at 8MHz; hence, the video signal is simply too fast
for the computer. Since not all information on a line is needed to calculate the fringe
amplitude and phase, only a few pixels per line need to be read.

The hardware consists of a Tecmar Labmaster card and some other logic cir-
cuitry on the prototype board. The schematic diagram is shown in Fig. A-7. Only the
counters on the Tecmar Card are used. Counter A is set to mode C (see the Tecmar
Labmaster reference manual for details) by software and is used for gating the vertical
line signals. Counter B is set to mode L and counter C is set to mode Q. Both counters
B and C are used for gating the horizontal signals.

The counters are on the same LSI MOS chip (AMD Am9513), with a maximum
counting frequency of TMHz. But the control signal H.DR. has a maximum frequency of
8MHz. Hence, for safety, H.DR. is passed through a divide-by-four counter before it is

being counted by counters B and C.
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The synchronization is done by hardware. When an “integrate” command
is received, the software will send a signal to turn on the whole data collection hard-
ware. This is done by setting pin 1 and pin 13 of the D-flip-flops (U18 of the prototype
board). Once they are set, the flip-flop can be turned on by a V.DR. pulse. The V.DR.
pulse is basically the frame start pulse of the CCD camera, and hence, it serves as the

synchronization pulse.

A.5.6 Synchronizing the CCD line readout

Once the above flip-flop is turned on, it turns on counter A, and lets it gate
through all line pulses of that frame. These line pulses then turn on counter B which
keeps track of H.DR.. Counter B issues a level signal to counter C at the same section
of each line, and enables counter C to count repetitively during that section. Hence, the
number of pixels to be read per line can be changed by lengthening or shortening the
level signal of counter B. The starting place of each line can also be changed by changing
the hold register of counter B. In this setting, the load register of counter B must be an

integral multiple of the hold register of counter C for the counting to work properly.

A.5.7 The A/D converter encode command

Each terminal pulse of counter C creates an encode command to the A/D
converter. A delayed pulse (about 1 us) is sent to the “strobe” pin of the A/D converter.

The delay is done by a one-shot (U7 of Fig. A-5). The circuit is shown in Fig. A-5.

A.5.8 The level translation

The control signals from the CCD camera are CMOS signals at +8.5V and
-5V. The computer signals are TTL at +5V and 0V, so the camera signals are passed

through a level translator (U5 of Fig. A-4) before they interact with the computer.
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A.5.9 The DMA request and the data collection

Simultaneous to the encode command to the A/D converter, a DMA request
signal is sent to the computer. The DMA request is wired to the DRQLI of the I/O
expansion slot bus of the computer. There are four DMA request lines on the computer,
but the other three lines are used up by the system and only one DMA line is available
for external use. Since two bytes must be transferred per A/D conversion, the DMA
request 1s generated twice for every encode command of the A /D converter. The circuit
and the control signals are shown in Fig. A-8.

The advantages of using DMA is that it is faster, the maximum data transfer
rate being over 1 Mbyte/sec. Handshaking is also done automatically via the DMA
acknowledge line (DACK1). Hence, secure data transfer is assured. Of course, one needs
to be sure that the DMA request is not generated at a rate faster than its capacity.

The computer uses dynamic RAMs, and they have to be refreshed once every
few milliseconds. So there is a dynamic refreshing circuitry hardwired into the computer,
which employs the DMAO line to generate a dummy data read for every refreshing request.
Since the DMADO line has the highest priority, it must be handled by the computer before
anything else. Thus, the duration between the A /D conversions must allow for such an
occurrence in the middle of the process. This tends to lower the overall conversion rate
of the A/D conversions.

In the actual operation, it was found that some data were missing occasionally
when a faster computer (the Compaq Deskpro) was used, and it is believed that the
loss was due to the DMA request competition and the incompatibility of the 8086 data
bus (16 bits) with the I/O bus (8-bits). By lowering the conversion rate, the amount
of losses decreases. At the present setting, with four conversions done per line (l.e., 8

DMA request per 63.5 us), about 7% of all frames are corrupted with one loss or so, and
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must be rejected. This problem is fixed by using a slower but compatible Compaq Plus

computer, which has an 8-bit processor data bus.

A.5.10 The DCC interrupt

DCC stands for data collection completed. During the data collection, the
computer is halted, waiting for an external interrupt to resume its operation. After all
the lines in the frame have been read, the interface circuit issues an interrupt signal
to reactivate the halted computer. The circuit is shown in Fig. A-7 (U18). Once the
operation resumes, the computer checks to see how much data has been read in. If the
check sum is not correct, then the frame must be rejected. In this way, the system is

protected from corruption by bad data.

A.6 The software

The software can be divided into the instrument interface and the user in-
terface. The instrument interface consists of two parts. The hardware controller part,
which is written in MS-8086 Macro Assembly language (version 4.1), is for controlling the
operation of the CCD camera and for data collection. The data processing algorithms
part, written in high level MS-Pascal (version 3.2), is for continuous data accumulation
and for real time data processing during integration. The user interface is also written
in MS-Pascal, allowing the user to specify different tasks to the system. All the software
is linked together into a single package. The entire program is listed elsewhere.

The instrument interface performs the following major tasks.

1. The initialization and synchronization of the instrument.
2. The data read-out.

3. The calibration of the zero level and the gain variation of each pixel.
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4. The continuous integration and the real time data processing.
5. The phase-switching cycles and the real time data processing.
6. The computation of the fringe amplitude and phase.

7. The separation of the side bands.

The first two tasks above are basically the interface to the prototype controller card.

They consist of the following individual tasks:

1. Synchronizing the data collection with the system phase cycle by reading the three

bits specifying the status of the phase cycle from the antenna system.

2. Initializing the counters on the Tecmar Labmaster Card. The counters are for
keeping track of the data transfers from the CCD camera to the computer, initiating
the appropriate signals to activate the A/D conversion and the DMA request at

the right timing.

3. Initializing the digital I/O ports on the Tecmar Labmaster card and starting the
data collection cycle by resetting the two master control flip-flops (U18 of Fig. A-7)
of the circuit. The digital I/O ports are for controlling the two master flip-flops
above. These flip-flops act as the turnkey elements of the hardware. When they
are set, they wait for the synchronization signal from the camera. When the signal

arrives, they turn on the hardware to begin a frame read-out cycle.
4. Initializing the DMA registers on the computer for automatic reading of the data.

5. Terminating the data collection cycle by interrupting the computer at the end of

the data frame, and turning off the turnkey master flip flops.

The other tasks are for the data processing, aimed at calibrating the instrument and for

measurements. These tasks will be described in more detail in Chapter 4.
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The user interface is basically a hierachical menu system, which allows the

aser to use and to debug the instrument. The following tasks can be performed.
1. The calibration of the zero level. and the gain variation of each pixel.
2. The evaluation of the noise performance of the system.
3. The continuous integration or the phase-switched integration cycles.
4. The single cycle integration.

5. The removal of the zero level from the the raw data and the correction of the pixel

gain variations.

6. The computation of the fringe amplitude and phase, and the separation of the side

bands.

7. The display of the raw data, the integrated data, the corrected data, the pixel
gain calibration data, the zero level data, the fringe amplitude and phase or the

quadrature components of the fringe.
8. The graphic display of the data.
9. To get the statistics of any of the above data set.
10. The setting of the system parameters.
11. The saving and loading of the data into/from files.
12. The debug mode to save 8 subsequent frames when one frame check sum is wrong.

The user interface contains almost everything that is needed by the user. The actual
commands and the detailed working will not be described here. More details can be

found from the program listing.
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Appendix B

Physics of the Bragg cell

The following simplified analysis basically follows the couple mode analysis
of the Bragg diffraction in a periodic medium [90]. A more complete treatment can be
found in the above reference. A Bragg cell is an acousto-optical deflector operating in
the Bragg regime (Fig.B-1). The center piece of a Bragg cell is a photoelastic material,
which couples the mechanical strain to the optical index of refraction. When a plane
acoustic wave propagates in the photoelastic medium, there is a strain field that is a
periodic function of position, and the refractive index of the medium becomes periodically
perturbed with a period equal to that of the acoustic wavelength. Consider for simplicity
an isotropic photoelastic material. The modulation in the dielectric constant of the

photoelastic material due to the acoustic strain field can be represented by:
Ae(z,t) = Aecos((it — Kz). (B.1)

Assume that the periodic dielectric perturbation couples the incident and the diffracted

light wave is represented by:
E = A1E  expi(wit — ky.r) + A2 Ej expi(wat — ky.1), (B.2)

where E is the total electric field, and E; and E; are the incident and the diffracted
field with propagation vectors k; and ks and frequencies w; and ws, respectively. From

Maxwell’s equations, E must satisfy the following wave equation:

[V +wiule + Ag)]E = 0. (B.3)
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Both Eq expi(wyt — k;.r) and Eg expi(wst — ko) are solutions of the above
equation when Ae = 0. For small perturbations, the parabolic approximation [90] is
valid and 92A/32* and 32A/dz* can be neglected from the above equation. The time
dependence of the mode amplitudes can be neglected since {1 is much smaller than wy 2,
and the dielectric perturbation Ag is essentially stationary. In the case of small incident
angle or large incident angle, the mode amplitudes A; and A; depend only on x or z.

Here we shall examine only the case of small incident angle. E can be written as
E = AjE; expi(wit — ajz — f12) + asEg exp i(wat — agz — S22). (B.4)
Substituting E into the above equation, we have:

. dA ) . dA .
—Zzard—}-El expi(wit — ajz — f12) — 2za2—6-1—2E2 expi(wet — aez — frz) =
z T
~w?p(e expi(Qt — Kz) + €1 exp —i(Qt — K 2))

X[AlEl exp i(wlt - 1T - ﬂlz) - A2E2 exXp i(wzt — QT — ﬁgz)]. (B5)

When the energy and momentum conservation conditions (Bragg condition) are satisfied,

we = w; £ 0 and Py = P; = K, the above equation can be decoupled into the following

equations:
dA . .
-—d—x—l— = —iKk13 Az expi(Aaz)
dA . .
_d:z:—z —iKk], A1 expi(—Aaz), (B.6)

where k12 is the coupling constant equal to wAeE1E2/8, and Aa = g — az is the
momentum mismatch in the x-direction. The Bragg condition is satisfied when §; =
—P2 = +ksinfp = £K/2. Physically, this corresponds to the emission or absorption of

a phonon. The Bragg angle of incidence is given by:

A

=) (B.7)

K
0p = sinﬁ1(2—k) = sin"(



83

At this incident angle, the momentum mismatch Ao = 0 (Fig. B-2). The solution of the

decoupled equation is:

Ai(z) = A1(0)coskz — iﬂgAz (0) sin kz
K
Az(z) = A2(0)coskzx — zﬁéz A;(0) sin kz, (B.8)

where & = |k12|. Consider a single wave incident at = 0; the solution becomes

Ai(z) = A;1(0)coskz
Ay(z) = —i224,(0)sinkz, (B.9)
K

and [A;(z)[? + |A2(2)|? = |A1(0)[?> shows that the total mode power is conserved. The

fraction of the power of the incident beam transferred into the diffracted beam is given

by:
Iy Ag(L)? .
diffracted _ I 2( )!2 — sm2 xL
I:'nc:'dent !Al (O)l
) wL
= sin’ (7—2_)‘ V M Iacoustic)a (BIO)
where L is the interaction distance, I ;oussc is the acoustic intensity, and M, = 'i)——%% is

the diffraction figure of merit. n is the refractive index of the material, v is the acoustic
velocity in the material, p is the mass density of the material, and P is the effective
photoelastic coefficient of the material.

When the incident angle is not exactly the Bragg angle, say §; = fp + A9,
then the Bragg condition requires that 6, = g — Af and Ao = 2kAfsinfp = KAS.

The solution to the decoupled equation with A3(0) = 0 becomes:

Ao

Ai(z) = expi(Aaz/2)A1(0)[cos sz — i—z—;— sin sz]
As(z) = —iexp—z'(Aa:c/Q)Al(O)'i?Al(O)sinsx, (B.11)

where s? = k? + (Aa/2)? = k? + (KA8/2)%.
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The diffraction efficiency 1is:

Idiffracted ’92 .2 KAf
= L1 z. .
Lincident k2 + (E2E)? e * 2K ) (8.12)

The maximum diffraction efficiency is 2—+('°7(2-3—9F. The bandwidth can be found by dif-
L G

ferentiating the Bragg condition:

_ 2nvcosfp

Af = A0, (B.13)

The number of resolvable spots N can be found when the laser beam spot size

wgp 1s known:

Al

where §8 = 2)/mnwqg is the Gaussian laser beam divergence angle. Therefore,

Two
= —Af=71A (B.15)
2vcosfg ° rAf, \ /

where 7 = —2—'—)%%; 1s the access time of the deflector.
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Appendix C
The effect of the finite aperture size on the

fringe

Consider a monochromatic polarized plane wave illuminating two rectangular
apertures (fig. C-2). The electromagnetic field at the Fraunhofer region can be represented
by a single scalar field [34]:

u{z1,y1) = a1expjda, rect|(z1 — D/2)/L;|recty:1/Ly]
+ag exp joa,rect[(zy + D/2/L;|rect[y1/L,], (C.1)
where rect[z] = 1for|z| < 1/2, 0 otherwise. The resultant amplitude at the Fraunhofer
region is:
+oo .
U(zg,y0) = kf u(z1,y1) exp[—727 (2071 + yoy1)/Az]dz1dys (C.2)
= kayLLyexp(jnzoD/Az + da,)sinc(zo Ly /A z)sine(yo Ly, /A2) +

kay Ly Lyexp(—jnzoD/Az + ¢a,)sinc(zo Ly /Az)sinc(yo Ly /A2), (C.3)

where & is a constant factor, A is the wavelength, z is the focal length of the Fourier
transform lens, and sinc(z) = sin(rz)/nz.

The intensity I(zq, o) is:

](ZO:yO) = 1U(I0>y0)'2
= (kL Lysinc(zoLs/A2)sinc(yo Ly /Az))?

(a? + % + 2aiazcos(2nz0 D/ Az + 4)). (C.4)
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It can be seen from the last equation that the intensity distribution is the same as that
produced by the point sources except by the diffraction envelope sinc? due to the finite

size of the apertures.
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Appendix D
The effect of the optical surface roughness on

the interferometer visibility

In this appendix, the expressions for the expected value of the intensity in the
image plane (Fraunhofer region), due to two distinct but highly coherent (both spatially
and temporally) sources, are derived. The present approach extends the treatment of
scattering from a single rough surface by Chandley [16],[17], Chandley and Welford[15]
to two distinct surfaces. The expressions derived here allow one to evaluate the loss of
illumination and the degradation in system sensitivity (or visibility) due to the roughness
of the optical surfaces traversed by the laser beam (see Section 3.4). Depolarization
effects are ignored in the present treatment and are justified when the surfaces under
consideration are relatively smooth. The roughness is also assumed to be homogeneous
throughout the surface.

The treatment assumes that the surface roughness causes a small phase fluc-
tuation of the wavefront of the illumination, which is characterized by its autocorrelation
function and the r. m. s. value of the phase fluctuation. This assumption is valid for
smooth surfaces. To first order, the visibility is lowered by a factor exp(—afb) [82], where
ofb is the r. m. s. phase fluctuation of the wavefront. If higher accuracy is desired, one
must measure the autocorrelation function of the phase fluctuation and integrate the ex-

pression numerically. The same treatment can be applied to other physical effects (such
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as air turbulence) which introduce a small phase fluctuation to the wavefront.
Following the notations of appendix C, the intensity due to any aperture in

the Fraunhofer region is:

I(z0,y0) = |U(20,0)|"
+o00
= k2 /_ (z1,v1)dz1dyrexp|—j2n(zozs + yoy1)/Az] ¥
[::O u*(z2, y2)dzadysezp[+72n(z0z2 + Yoy2)/A2] (D.1)
= kzF{U(:C, y)}F{U* (‘“I: "y)}’ (D'2)

where F{ U(x,y) } denotes the Fourier transform of U(x,y).

By the convolution theorem, one gets:
I(zo, %) = k" F{U(z,y) ® U*(—z,—y)}, (D.3)

where k’ differs from k by some constant factors.

Let the aperture function U (z, y) be composed of two distinct apertures U1 (z, y)

and Us(z,y), where

U(z,y) if the point (x,y) is in aperture I
Ul (x) y) -

0 if the point (x,y) is not in aperture |

U(z,y) if the point (x,y) is in aperture II
U2 ($7 y) =

0 if the point (x,y) is not in aperture II.
Splitting U into U; and Uj, we have:

I(z0,90) = k”[//_:oUl...+//;°°U2...][f/_rUf...+//_:°zf;...]
= k’z(]/_looUl...//_;mU{...+/£;w Uz...//:oU;...
+f/_;°° Ul...//;w UQ...+/[;me.../[;m Uy..]

— [1(230,y0) + IZ(IO>yO)

K F{UL(2,y) ® Uz (~2, —y) + Ui (~2,~y) ® Uz (=, y)}. (D4)
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where I; and I3 are the intensities due to apertures 1 and II alone. The last term
represents the interference effect of the two source apertures. For highly coherent sources
(both temporally and spatially), one can further simplify the last term by writing the

aperture distribution in the following form:
Uilz,y) = Vi(z,y)ezplii(z,y)]
Uz(z,y) = Va(z,y)ezpliva(z,v)],

where V; and V3 are real functions of two variables representing the amplitudes of the
aperture functions, and ; and t, are real stationary Gaussian functions of two variables
with zero means representing the phase of the aperture functions. With this represen-
tation, the surface roughness is incorporated into the phase fluctuation of the aperture.
This is a very useful representation for smooth surfaces (r. m. s. roughness << A ).
For smooth optical surfaces (e.g., laser mirrors) illuminated by a laser beam,
V(x,y) is Gaussian, < ¥(z,y) >= 0 and < ¢?*(z,y) >= (2r/200)? [7T1]. < ¢y > denotes
the ensemble average of ¢». One can now proceed to evaluate the ensemble average of
I(zo, yo)-
< I(zo,y0) > = < h(zo,w) >+ < Li{zo,yo0) > +
k? < F{Uy(z,y) ® U; (—z,~y) + U (~2,~y) ® U(z,y)} XD.5)
Assuming that the ensemble averaging commutes with integrations, one has:
< F{Ui(=z,y) ® U3 (-2, -y)} >
= F{<Ui(z,y) ® Uy (~=,~y) >}
+00
= r{f ﬁw <Vi(z1,0)Va (-2 + 1, —y + 1) %
exp J[Y1(z1, 1) — 2 (—z + 2y, —y + y1)] > dzidy;
+00
= F{/ /_oo Vilze, y1)Va(~z+ 21, —y +y1) ¥

< exp glr(z1,y1) — o~z + 21, —y + y1)] > dzidys}. (D.6)
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The last step assumes that V; and V; are slowly varying functions (spatially) compared
to 1y and 3. Assuming that the surface roughness (height) has a Gaussian distribution,

and that the r. m. s. phase fluctuation is much less than 27, one has:

< expjli(z1,y1) — a(~z + 21, —y + u1)] >= exp[-0% _(z,v)/2], (D.7)

where 03)12 (z,y) is the variance of the random Gaussian function Y1(z1,y1) — Yo~z +
21, ~y+y1). Hence,
< F{Ui(z,y) @ U (—z,~y) >} =
2 +oco
Flexp[~ay,,(z,y)/2] / / Vi(z1, y1)Va(—2 + 21, -y + y1)dz1idy }.  (D.8)
v OO
The last term inside the integral is the same expression that would be obtained when the

two source apertures were perfectly coherent.

One can proceed further with the following identity:

04, (29) = <[i(z1,u1) - Yo~z + 21, -y +u1)]* >
= <ti(en,u)? > + < a(-z+z,—y+u)? >

= <2z, Y1) (2 + 21, -y +y1) > . (D.9)
Physically, the phase at any point in one aperture is independent of the phase at any
point of the other aperture, and so < 2¢1(z1,y; )2 (—z + 21, —y + y1) >= 0. With the
assumption that the roughness is homogeneous and that the apertures are similar (i.e.,

they have the same statistical properties), one obtains:
a,im (z,y) = 203‘,}1. (D.10)

Hence,

< F{Ui(z,y) @ Uy (—z,—y) >} =

+ 00
exp[-o} | x F{// Vilzr,y1)Va(~2 + 21, -y + y1)dzidy: ). (D.11)
= 00
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Similarly,

< F{U{(—z,—y) @ Us(z,y) >} =

+00
exp[—cr?/,l]F{// Vi(—z + 21, —y + y1)Va(z1, y1)dz1dys }. (D.12)

Now one can proceed to evaluate < I;(zo,yo) >. Following the same proce-

dure, one arrives at:

< Ii(zo,%) > = k? < F{Ui(z,y) @ U;(~z,~y)} >
= k'zF{exp[—az,u(x,y)/Z] X

+o0
// Vi(zy, y1)Va(—2 + 21, —y + y1)dzidy },  (D.13)
—00

where Ji“(x,y) is the variance of the random Gaussian function ¥1(zy,y1) — ¥1(—z +

€1, —y + y1). Unlike o (z,v), afbu(:c, y) is not independent of (x,y). In fact,

ob,(zy) = <[hi(zi,y) - Y-z +z1, -y + )] >
= <¢i(z,9) >+ <P~z + 71, -y + )’ >
= <21z, )i (—2 + 21, ~y +y1) >
= 2051—— <21 (z1,y)i(—z+z1,—y+ 1) > . (D.14)

Let C(z,y) =< ¢1{z1, 1)1 (—z+ 21, -y +w1) > /or"‘;,1 denote the normalized autocorre-

lation function of ¢;. Then

< Li(zo,y0) > = k'zF{ea:p(—af[,l[l — C(z,y)]) x

+o0
// iz, y)Vi(—z + 21, —y + y1)dzidy . (D.15)
—oo
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Hence, the expression differs from the perfectly coherent case by the factor
exp 0121)1[1 — C(z,y)] inside the integral. From the homogeneity assumption, one can
write C(z,y) = C(p), where p? = z* + y>. With a known C(p), one can determine
< I(zg,4) >. For many years it has been assumed that C(p) is Gaussian (e.g. [1]}, but
in recent years, C(p) has been measured and found to be quite different from a Gaussian
distribution [2],[3],[4],[15],[17]. With a given C(p), and a known aperture illumination,
one can numerically integrate the equations above to obtain the intensity distribution
and the visibility loss.

To first order, one can ignore the effect of the autocorrelation function C(p).
Then the intensity distribution is exactly the same as that for a smooth surface, with
a reduction of the total illumination by a factor exp[-—ail], which depends only on the
r. m. s. surface roughness. Thus, the visibility is also degraded by exp[~o§)1].

The results derived above are quite general and are applicable to all kinds of
aperture illumination. The results are also independent of the shape of the apertures as
long as the surfaces are relatively smooth and homogeneous.

In concludion, the general expression for < I{zg,yo) > is:

< I(zo,y0) >=< Li(z0, %) > + < La(zo, %) > +
k? < F{Uy(z,y) @ U; (—z,~y) + Ui (—z,—y) ® Uz(z,y)} >
= k"? exp(——ofbl)F{/ /j:o exp[afblC(x,y)}[Vl(zl,yl)Vl(—x +z,—-y+y1)+
Va(z1, y1)Va(~2 + 21, —y + y1)|dz1dys + f /—n:o Vi(zr, y)Ve(—z + 21, —y + 1)

+Vi(=z + 21, —y + y1)Va(21, y1)ldzrdys }. (D.16)
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Appendix E

Separation of the side bands

If a double side-band signal with a four phase switching is applied synchronously
at the front end local oscillator and at the integrating buffers, the side bands can be sep-
arated by the following algorithm:

Let Fo(I), Fo(Q), Foo(I), and Fyo(Q) represent the amplitude detected by the
I and Q detectors, with the susbscript 0 or 90 denoting the phase shift of the first front
end local oscillator, and let U and ¢,, L and ¢; be the amplitude and phase of the upper

side band and lower side band, respectively. Then,

Fo(I) = Using, + Lsing¢,
Fo(Q) = Ucosey + Leosy
Foo(I) = Usin(ey, +90°) + Lsin(¢ — 90°)

Foo(Q) = U cos(ay +90°) + Lcos(é — 90°).

Therefore,
Using, = %[Fo(l) — F50(Q)]
Ucos¢, = ’;‘[FO(Q) + Foo(I)]
Lsing, = %[Fo([) + Foo(Q)]
Lecos¢; = ’;“[FO(Q) — Fgo(D)].

Physically, what the above equations say 1s that U and L rotate in opposite directions
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with respect to the phase shifts of the front end local oscillator. Hence, the side bands

can be separated.



95

Bibliography

Beckmann, P. and Spizzichino, A. (1963). The Scattering of Electromagnetic Waves

from Rough Surfaces, Pergamon Press, The Macmillan Company, N. Y. .

Bennett, J. (1974). “Statistical Characterization of Mirror and Window Surfaces,”
NBS Special Publication 414, Laser Induced Damage in Optical Materials, 157-162,

edited by A. Glass and A. Guenther, US Department of Commerce.

Bennett, J. {1976). “Measurement of the rms Roughness, Autocovariance function
and other Statistical Properties of Optical Surfaces using a FECO Scanning Inter-

ferometer,” Applied Optics 15, 2705-2721.

Bennett, J. and Merle Elson, J. (1977). “Surface Statistics of Selected Optical Ma-
terials,” NBS Special Publication 509, 142-156, Laser Induced Damage in Optical

Materials, edited by A. Glass and A. Guenther, US Department of Commerce.

Berg, N. and Lee, J. (1985). Acousto-optics Signal Processing, Marcel Dekker, Inc. ,

N. Y.
Berge, G. L. private communication.
Blum, E. J. (1959). Ann. Astrophys. 22, 139.

Borsuk, G. , (1981). “Photodetectors for Acousto-Optic Signal Processors,” Proc.

IEEFE 69, 100-118.



9]

[10]

[14]

96

Bowers, F. , and Klinger, R. (1973). “Quantization Noise of Correlation Spectrom-

eters,” Astron. Astrophy. Suppl. 15, 373-380.

Bowers, F. , Whyte, D. , Landecker, T. and Klinger, R. (1973). “A Digital Correlation

Spectrometer Employing Multiple-Level Quantizatio,” Proc. IEEE 61, 1339-1343.

Bracewell, R. (1965). The Fourier Transform and Its Applications, McGraw-Hill,

Inc. , N. Y. 244-250.

Brillouin, L. (1922). “Diffusion de la lumiére et des rayons X par in corps transparent

homogéne,” Ann. Phys. (Paris), 9th ser. 17, 88-122.

Burton, W. and Gordon, M. (19768). “The Morphology of Hydrogen and of other

Tracers in the Galaxy,” Ann. Rev. Astron. Astroph. 14, 275.

Burton, W. and Gordon, M. (1976). “CO in the Galaxy (III),” Astron. Astroph. 63,

7-217.

Chandley, P. and Welford, W. (1975). “A Re-formulation of some results of P. Beck-
mann for Scattering from Rough Surfaces,” Optical and Quantum Electronics 7,

393-397.

Chandley, P. (1976a). “Surface Roughness Measurements from Coherent Light Scat-

tering,” Optical and Quantum Electronics 8, 323-327.

Chandley, P. (1976b). “Determination of the Autocorrelation Function of Height on
a Rough Surface from Coherent Light Scattering,” Optical and Quantum Electronics

8, 329-333.

Chang, 1. (1977). “Tunable Acousto-Optic Filters: An Overview,” Opt. Eng. 16,

455-460.



[19]

[20]

28]

29]

97

Chikada, Y. (1981). “Techniques for Spectral Measurements,” Nobeyama Radio Ob-

servatory Technical Report 8, Japan.

Chikada, Y., Ishiguro, M. , Hirabayashi, H . , Morimoto, M. , Morita, K. , Miyazawa,
K., Nagane, K. , Murata, K. , Tojo, A. , Inoue, S. , Kanzawa, T. , and Iwashita, H .
(1984). “A digital FFT spectro-correlator for radio astronomy,” Indirect Imaging,

edited by Roberts, J. A. , Cambridge, London.

Clancy, R. T. , Muhleman, D. O. and Jakosky, B. M. (1983). “Variability of Carbon

Monoxide in the Mars Atmosphere,” Icarus 55, 282-301.

Cole, T. (1968a). “Electro-Optic Spectrograph for Radio Astronomy,” Opt. Technol.

1, 31.

] Cole, T. (1968b). “Finite Sample Correlations of Quantized Gaussians,” Aust. J.

Phys. 21, 273-282.
Cole, T. (1973). “Electrooptical Radio Spectrograph,” Proc. IEEE 61, 1321-1323.

Cole, T. (1974). “An Electro-Optical Spectrograph for Weak Signals,” Astron. As-

trophys. 34, 149-151.

Cooper, B. (1970). “ Correlators With Two-bit Quantization,” Aust. J. Phys. 23,

521-527.

Coppock, R. A. , Croce, R. F. |, and Regier, W. L. (1978). “Bragg cell RF Signal

Processing,” Microwave Journal, Sep. , 1978.

Debye, P. and Sears, F. (1932). “On the Scattering of Light by Supersonic Waves,”

Proc. Nat. Academy of Science (USA), 18, 409-414.

Dicke, R. H. , 1946. Rev. Sci. Instrm. 17, 268.



[30]

31]

[38]

98

Esepkina, N. , Petrun’kin, V. , Bukharin, N. , Kotov, B. and Kotov, Y. (1979).
“Acousto-Optical Correlator Design for Processing Interferometric Signals for Radio

Astronomy,” Soviet Tech. Phy. Lett. (USA) 5, 24-25.

Evans, G. and Mcleish C. W. 1977. RF Radiometer Handbook, Artech House Inc. ,

Dedham, MA. .
Ewen, H. L. and Purcell, E. M. (1951). Nature (London) 168, 356.

Formalont, E. and Wright, M. (1974). “Interferometry and Aperture Synthesis” in
Galactic and Eztragalactic Radio Astronomy, edited by G. L. Vershuur and K. I

Kellermann, Springer-verlag, N. Y. .

Goodman, J. (1968). Introduction to Fourier Optics, McGraw-Hill, 1st edition,

N.Y..
Gordon, M. and Burton, W. (1976). “CO in the Galaxy (I),” Ap. J. 208, 346.

Gradshteyn, I. and Ryzhik, 1. (1965). Table of Integrals, Series, and Products, Aca-

demic Press, N. Y. .

Grasse, C. and Brubaker, D. (1983). “Acousto-Optic Bragg cells speed EW Signal

Processing,” Microwave System News, Sep. , 1983.

Gunn, J. and Westphal, J. (1981). “Care, feeding and use of Charge-coupled device

(CCD) Imagers at Palomar Observatory,” Proc. SPIE 290, 16-23.

Gursky, H. , Geary, J. , Schild, R. , Stephenson, T. and Weekes, T. (1981). “As-
tronomical Performance for the 512 x 320 RCA CCD,” Preprint 1383, Center for
Astrophysics, Harvard College Observatory and Smithsonian Astrophysical Obser-

vatory.



140}

[41]

99

Harris, F. Private communication.

Hawkins, D. G. (1980). “Resolution Criteria for Acoustooptic Deflectors,” Applied

Optics 19, 186-187.

Hecht, D. (1977). “Spectrum Analysis Using Acousto-Optic Devices,” Optical Engi-

neering 16, 461-466.

Ishimaru, 1. (1978). Wave Propagation and Scattering in Random Media, I & 1I,

Academic Press, N. Y. .

Jackson, J. D. (1974). Classical Electrodynamics, John Wiley and Sons, 2nd edition,

N.Y..

Jenkins, F. and White, H. (1976). Fundamentals of Optics, McGraw-Hill, 2nd edi-

tion, N. Y. .

Kai, K. and Kosugi, T. (1979). “An Acousto-Optical Image Processor and Its Appli-
cation To a 160MHz Interferometer,” Image Formation from Coherence Functions in

Astronomy, 165-172, edited by C. van Schooneveld, D. Reidel Publishing Company,

Holland.

Kaifu, N. and Ukita, N. (1978). “A high-resolution Acousto-optical Radiospectrom-

eter for Millimeter-wave Astronomy,” Publ. Astron. Soc. Japan 29, 429.

Kakar, R. K. and Walters, J. W. (1976). “Venus:Microwave Detection of Carbon

Monoxide,” Science 191, 379-380.

Kakar, R. K. , Walters, J. W. and Wilson, W. J. (1977). “Mars:Microwave Detection

of Carbon Monoxide,” Science 196, 1090-1091.

Kellman, P. , Shaver, H. and Murray, J. (1981). “Integrating Acousto-Optic Chan-

nelized Receiver,” Proc.IEEE 69, 93-100.



[51]

(52]

[53]

[54]

[55]

(56]

57]

[59]

100

Klein, W. and Cook, B. (1967). “Unified Approach to Ultrasonic Light Diffraction,”

IEEE Trans. on Sonics and Ultrasonics SU-14, 123-134.

Korpel, A. (1981). “Acousto-Optics — A Review of Fundamentals,” Proc.IEEE 69,

48-53.

Kremer, 1. , Golub, V. and Nakhmanson, G. (1979). “Internal Noise Sources in

Acoustic-optical Devices for Radio Signal Processing,” Radio Phys. and Quantum

Electronics (USA) 22, 588-592.

Lambert, L. (1962). “Wide-band, Instantaneous Spectrum Analyzers employing

Delay-Line Light Modulator,” IRE National Convention Record 10, part 6, 65-78.

Lawrence, R. and Strohbehn, J. (1970). “A Survey of Clear-air Propagation Effects

Relevant to Optical Communications,” Prec. IEEE 58, 1523-1545.

Leighton, R. B. (1978). Final Technical Report for National Science Foundation

Project AST T3-04908, Caltech, CA.

Lo, K. Y., Berge, G. L. , Claussen, M. J. , Heiligman, G. M. , Leighton, R. B. ,
Masson, C. R. , Moffet, A. T., Phillips, T. G. , Sargent, A. L., Scott, S. L. , Wannier,
P. G., Woody, D. P. (1984). “Aperture Synthesis Observation of CO emission from

the nucleus of IC342 ,” Ap. J. 282, L59.

Lo, K. Y., Cheung, K. W. , Masson, C. R., Phillips, T. G. , Woody, D. P. (1984).
“Aperture Synthesis Observation of CO emission from M82 ,” ESO Proceedings of

Workshop on (Sub)millimeter-wave Astronomy, Aspenas, Sweden, June, 1985.

Lo, K. Y., Cheung, K. W. , Masson, C. R. , Phillips, T. G., Scott, S. L. , Woody, D.

P. (1987). “Molecular Gas in the Starburst Nucleus of M82,” Ap. J. 312, 574-591.



(60]

[61]

/62]

[63]

[65]

[66]

(67]

[68]

101

Lutomirski, R. (1979). “Atmospheric Effects on Optical Coherence,” Proc. SPIE

194, Applications of Optical Coherence, 122-128.
Masson, C. (1979). Unpublished report, OVRO, Caltech, CA.

Masson, C. (1980). “The Design of Stable Acousto-Optical Spectrometers for Radio

Astronomy,” Proc. SPIE 231, 291.

Masson, C. (1982). “A Stable Acousto-Optical Spectrometer for Millimeter Radio

Astronomy,” Astron. Astrophys. 114, 270-274.

Masson, C. R. , Cheung, K. W. | Berge, G. L. |, Claussen, M. J. , Heiligman, G.
M., Leighton, R. B. , Lo, K. Y. , Masson, C. R. , Moffet, A. T. , Phillips, T. G. ,
Sargent, A. L. | Scott, S. L. , Woody, D. P. (1984). “High Resolution CO Observation

of NGCT027 » Ap. J. 292, 464-470.
Melles Griot, (1985). Optics Guide 3, Melles Griot, CA, USA.

Milne, D. and Cole, T. (1979). “A Broad Band Radio Astronomy Spectrograph,”

Proc. IREE Aust. Mar. 1979, 44-47.

Moffet, A. T. (1984). “Arrangement of Expanded Filter Banks,” Internal Memo,

OVRO, Caltech, CA.

Mubleman, D. O. and Berge, G. L. (1982). “Microwave Emission from Saturn’s

Ring,” I. A. U. Colloguium 75.

Mubhbleman, D. O. , Berge, G. L. and Clancy, R. T. (1984). “Microwave Measurements

of Carbon Monoxide on Titan,” Science 223, 393-396.

Napier, P. J. and Crane, P. C. (1982). In Lecture 3 of Synthesis Mapping, Proceedings
of the NRAO- VLA workshop held at Socorro, New Mezico, June 21-25, 1982, edited

by A. R. Thompson and L. R. D’Addario, NRAO.



[71]

[76]

[77)

(78]

[79]

[80]

102

Newport Corporation, (1986). Newport Corporation 1986-87 Catalog, Newport Cor-

poration, CA,; USA.
Ohm, E. A. and Snell, W. W. (1963). Bell Syst. Tech. J. 42, 2047.
Orhaug, T. and Waltman, W. (1962). Publ. Nat. Radio Astron. Observ. 1, 179.

Penfield, H. (1976). “Multichannel-Filter Spectrometers,” in Methods of Ezperimen-

tal Physics 12, part B, edited by M. L. Meeks, Academic Press, N. Y. .

Penndorf, R. (1957). “Tables of the Refractive Index for Standard Air and the
Rayleigh Scattering Coefficient for the Spectral Region between 0. 2 and 20. 0 g,

and their Application to Atmospheric Optics,” J. Opt. Soc. Am. 47, 1010-1015.

Pinnow, D. (1971). “Acousto-optic Light Deflection: Design Consideration for First
Order Beam Steering Transducers,” IEEE Transactions on Sonics and Ultrasonics

SU-18, 209-214.

Randolph, J. and Morrison, J. (1971). “Rayleigh-Equivalent Resolution of Acous-

tooptic Deflection Cells,” Applied Optics 10, 1453-1454.
RCA Internal documentation on CCD (1980).

Rogers, A. (1970). “Very Long Baseline Interferometry with Large Effective Band-

width for Phase-delay Measurements,” Radio Science 5, 1239-1247.

Rogers, A. (1976). “Theory of Two-element Interferometers,” in Method of Ezper-
imental Physics 12, Astrophysics, Part C, Radio Observations, edited by M. L.

Meeks, Academic Press.

Robinson, B. (1982). “Wideband Spectrometers for Millimeter Wavelengths,” in

Interstellar Molecules 1.A.U. Symp. 84.



(82]
(83]

84]

5]

103

Ruze, J. (1966). Proc.IEEE 54, 633-640.
Ryle, M. and Vonberg, D. D. (1948). Proc. Roy. Soc. London A 193, 98.

Scoville, N. and Solomon, P. (1975). “Molecular Clouds in the Galaxy,” Ap. J. 199,

L105-109.

Scoville, N. and Young, J. (1983). “The Molecular Gas Distribution in M51,” Ap. J.

265, 148-165.
Steinberg, J. L. (1952). Onde Elec. 32, 519.
Tatarski, V. (1961). Wave Propagation in a Turbulent Medium, McGraw-Hill, N. Y. .

Tatarski, V. (1971). The Effects of the Turbulent Atmosphere on Wave Propagation,

U. S. Department of Commerce, TT-68-50464, Springfield, Virginia.

Thompson, A. R. , Moran, J. M. and Swenson Jr. , G. W. (1986). Interferometry

and Synthesis in Radio Astronomy, Wiley, N. Y. .

Yariv, A. and Yeh, Pochi (1984). Optical Waves in Crystals, John Wiley and Sons,

Inc. ,N. Y..
Yaroshenko, V. (1964). Radiotechnica T, 749.

Young, E. and Yao, S. (1981). “Design Considerations for Acousto-Optic Devices,”

Proc. IEEE 69, 54-64.

Uchida, N. and Niizeki, N. (1973). “Acoustooptic Deflection Materials and Tech-

niques, > Proc. IFEE 61, 1073-1092.

Weinreb, S. (1963). M. L. T. Research Laboratory of Electronics Report 412, 119pp.



104

[95] Weinreb, S. (1984). “Analog-filter, digital-correlator hybrid spectrometer ;> NRAO

Electronics Div. Internal Report 248.



105

LYUAY TIHD DOV

SOV [euueyo o[dulg [—g Old
TEIMAANOD | SEINANOD
@\4 TOHLNGD
g | HdOOSETEL
% | Iy g9 O10vd
] 0L 4T
}\;\x\ -t |
;.xff.f-~
% SNET | 4AANYIXE WYHd
BN e HESYT
— =
JOLDILEA - |



1086

S50V adA1070dd oUL g2 oL

, TOVLS SYEITL o
HOLVISNYYL AUVLOM - TVILVAS ISV
touinon O AGEI 7 /) v %
e GOND :,, V4 ey R
v 4 4 ,
| \ : STTED
M TV OLLAO nr MJ
| 7 "
i / 5 // HOLYTSNYHL
_i THLITTdST | “HELIRdE | Awvad
. wvad) TN N P ]
 NOTLYAY JHE T
WA L ONISNDOJ T —
HONTTA St DSHTHL
SNOILY NI | b - ~G1OVE WO
SNI'T m_\} | f STYNDIS 7]
T DTMONTTLAD — ONISD04H S st
A 0E SUALITIARY Jd
STYNDIS TOMINOD ,
—— MALNIHOD
Sy PHEATTARY TONINGD
, , QM.
VANV D T—
iiiiii S— \\




O
._}.)
o
y]
%/
3
.
S U
UG-
= =
9173
o w
o &
&

N
4
f:}c:
Cug
S..q:)
Q)D_
-
“ D
o U
)
o M
T
DBU

107

PN
g
w
e 5
i
QU
B '3”*' 4
oy
.g / e I,/"
¢ e .
S > e
M S T S s
/, . ‘/" > //l -
:"/ // <
U]
e T T
Q < “/7
+ 4 .
U /
€ e 7 A
&_ 3 g /J /
> S
D ,// / 4
& s ."'f:"/ // r//
.+‘J "I/.f . /'/ ]
% ‘f,'r [I( ,/ é
‘ ; f’ { ![I
A ! {
e | /
il / /
= { !
o
/ < f rj /‘(
[ ) f x
e
o 1: E —P(: /‘;"
l\ l’x {1 _}_.s‘i
! VoL ¢
\ 1y M(:n
b o =
i o \

7

C

O

_ 5%
5

< Yoy
a U

5 E <

. >

Y4

S

-

e

n S

£ W
N

L_}l QU

U T

(\D E {7

- pal

L)

L)

S

!

i

@)

L




108

-y

]
i DLy Ty L A y e RN
SO 3 A0S WO OM V=
+ s R e
AU. { N (]
1
i i o
w‘.« =
/t. Vannd TW Cmm
i J g
~. VA
/& /
- /
e e !
4 [ . '
S /
™/
W
~w \
\\h P
/
/ /
..N..
¢ /
J \
\\ \\
\ /

-

3
S



109

N
NIRRT Rl S B e Lt SRS pa il o
S 0 A R o 2 e o ) SV INEG w,\L

U . '\ —
/M_n_HLL_HwL»,ri ".k.".wx_,.rxw,l.d_.r WS ) A
{ I + i /_...\ fm /4\
i
t
o o~ Sheh A IV LA A s
QUTA2AD0 A0 A2 A0 QU1 da N do)dano
1L ' Cl WAL 1oL udod o
ML AU NS4 YR AU U
i
- rods uo

T 1005 UDITID0U 4 4D

P
[N I e pW S —



110

— 1
- . A
o v
+J -
I
0=

i

N

v

3

L
iy

}

3

s ey ey
| SR LG

=

TR

IS ;
?\‘

.___ﬂ.
?

Utput

et

L. 7

PO

[




111

-

Py




112

by o LN
Cu

ad M =

g L

’

\\ ,f."”' C,l 1:/\9_

R

(1 —t

7 3

A o A —
e e — o
Oy =

1

TF

T

-’

1

A




113

LR
fa+dine

BST0U PAIR[BLO0NM Y410 (BUDy M aseyd ues gf) [ama] W] 2By

340 Y013980400 VIEG ax1d [20tdRy  7-b'51Y

B BT BT T el BT B8 6

EIVERE

TERIIAG D XN EER TRHMOD'E- (UM HER
G43000°T- XEW BYED BRLTARG T (UK BRE

1843806

faedee'e!



]
()]

Frin

114

1 fr

he width

~iNe




115

+e3db

-13db

4o

3

200k

~20db

—




7+ 1 TEU0E0) TOTyeaqI[ED smyedadnay Wajsng §-p b

B0 B0 B B o1 BT e BB

i

184236601

B

<.‘)SL.

, .,ﬁ . ;
e
1{2‘)\&

11s

AR LR E B U I AR LA

B

1842609 1

(Fay3200M ] [3U0E(9) - VOTYRIqT[ed ammpeacdiay Wajsh

B0 fad BT B3T T m BT B B

—

R A

[0 bl

TEHIB0G XEX EIRP GRTEET'D- (UM Hp

Bl T



117

Ml (0
o

9 bidj

ST3UUED Y384 J0 LOTNJOSad Rouamha) §-p'Bly

BT 83T obT AeT o eAr  Bg 89

GICA'T YO HED IB-RETCE- UM

Ba13666 01

(ae3006 T

[BU0E(a 3[BUTS vy varynjosad Ravaiady [-p Ry

g0 60 B B BN i Bro6 B & 8

fsIRly'L

J30VEYD by

e o el i o P s s PP S A ot NN 8 W NP Pt e ]

AR RO o LS AR LR e

(i



118

18-3%¢T

(3

4

UHBIBUL X § * G B 0 O 21} 4R BT ISUES g Bl

(o5 10 99 YT Ry 381

884300 T

T-R8LLT YR EER J-LULLY- VN TR

gtk

AL B BB B L B
-y 4 ~ A4 (.ﬂ 7 M y
[0 by _
LT DR B TR S U
A



119

SUSAIISEN 35100 pasR [0y 307y 7] 14

Aty

YTRAIGEIN 95100 paye[added sy T1-5'EY]

R U A

il

B 7

SN R

Tl e n B\
!
) / W/
BT X R QAL U
By

YRR hed)

it

QRHIEER'D NN RIEP QRNTOO0'D W T




120

nt
;
v

peiy
=

(OYEHSTH [URD payayIAs 95eyy bi-p'blg g
G100 ey (300 Y316 K) ¢1-p'B1

WoB BRI WOMOB B

=i oV i foo 0h WD ST BB 61 BT B B
7 . 7Y R/}.r,?é "
- W
4l
| |
[y !
1 i
k\,c am
a
fR436p7 L KR RIRD (R4TLIR" G- VIR BjRp
e BTTE0 D XER EYED GRHIALS'T- N HEp

TH3LETT



121

9T 1501 J0 YU3u0dNed ) 815 B

0043800

IR

3G {5014 J0 yuauedkon | ]-p'byg

EHDRT O TR BRHIICH - (UM TR

| L)
| . il ¥
all WA RN R
T T T
L ,
P
A
LA AL ST S A B R 3L
%a_i

IR



122

g puNas 0 juiedued y g-+EY

(4t30ed o

&

HISET XTSI U e

3]0 PUOa3s 0 YURUOTA | /7470

gas3ce v

Q3T X R BRAILSE - WU T

B Y



s R

LR YST 0 ased eULY 7R A A1} 0 apny LR BBUL 7B

BN oo

CHIERLT KR YRR ITCRLT- UK T




124

ARHIRS
_3,%34.

dagng pusss o aseyd UL 9 61y B
‘ 0] 19 PUDAIS JO apu) T]AWE SEU] 17 L]

T

ONTICLT KR R DBHTACLT- U e
QIS0 KR EjRp BE-TRAL'E- UK B

ARt




125

1
i ol
¥

B iy

o

o

LA 4SUD UL
TODIAOUNAD

Fan, F~.
™,




126

RF signals

Added

£
- 5
Lo o
Pl + 1
A s Wy D
g"“ El': o (]_'I Q—
<o Y 0 <
— Wn
/ T QU
S n <
S // Zon o
p - uooo
/g‘ S g O
; y
._.gf..m_ﬁ oo UuQ
1
S
e
[¢8
¢
O
s O
o \\4_,(’
/ /
// /
) r
- r".’ /z"A:\J/E
V) e — ‘“g)
- .‘ = a'l L
2 : v ’ .5.\\
Y4 *

cylincricol

o
=

N

o

L

=M

0

transt

ALC

&

]

‘,ﬂ

ng T
AOC

oand

)

.
~
>

GNE
o

1
i
i




gnals

[

0z

e

"

127

a

IS

~O0sS5

-

A —— ; | | B -
A S @ Ul U i
£ Q,-l s - e .
. :f; -——: 't‘ _;__.: \\},"
gt £F B <. sl
» w 0 - O
W L Y- L L
- o P
oo o
/-“"'"M“— "‘\‘b"\\.’% " (:j l_.i_J R
,.ua-c' > Pt g_ —*‘:‘
g R
i s S R
d ¢ L ol
7 p : ‘ : :
e 2 L
/ 1
’/e ",l" CamaX
_ 7 == - o U
) A ey Ve .
W e L fu
e w S e o T
g S St SR )
U s __._.i . \,‘ W -5 = U}
Rl S s v /A" £d =
o ’ Card P L.l (4]
Ui /' iy l‘l S Y < -
LU=l £ ¢ N N =
= Ok { Y P |
-+ ’ l‘\ e 4 N T
o Y \ AT RORNY jo)
=L \ IR BN U
£ M 5 e o N N 1
i e AR 5 .
\ p T “}-A\W\ Y,
. - _\V'&-—\_ K (.\_\_ -
‘] f"/ \\ ""—f‘;'. - E{ ‘S;‘j
1 . B S A
) o N, . A C
Y AN s A
Ay "~ < /.qi oy
g e
T ey e o
B P )
ety ._j( : ?:.' '.;w
o
AN’




128

— I -
./ g
¢ U
A Wy o R Ny
L) _ (0 <
< \ e o R %
v/ /=5 o
; — s Nz -
/// x C1 // ) ‘
< N / J—— R
\%\/ S , x o // L. 2 g .
,f/ \\ ” ﬂc //,//, 7 - * )
>

= O LM -
o) au N




129

e

ﬂnﬁi
-
»
o oo
erd
s

C

st

]
L—|
.

»
o
-

pleves]

|
%
()
.y
(J

vv.x_

[

-

.le_.“.\x....},” I _.\..\..;/ -
_&F \_.‘._ ﬂVp ﬁall
[ A -

_\;u“.\.v _as.‘*s.,.‘_ _“J, N

L oyl

<y g

]




130

Cameraoa modifications
1l and 1V

60 Hz

|
Chb T Ipin 1

CAMERA
/]

|

i

A

[ ‘ T Vdld

reference
10 Hz
| INTERLACEH 24




131

] GOI18oLJIpo
elalie) -V ..,WE

B

)
T MZ_W. | Shopia |
A ) |
rﬂ < Ml =
Y /._ 3 4 A.H w i
5 !Aﬂﬂ Cﬁ{w D : Nﬂ. .mu W @ ,ﬁ,LJ . 18 | u
H\DOOH‘W L ,H.\ | o7 1 & g _.H Q
ﬁ Ll 1o
. 8| 8 Hfﬁtp
™
\J: ,mu ._HD _ e E.; ial . % c:
T~ n LJ 15T T ,,
g, DA sl =07 ,
f ]S ] UAREAF: 0T :
Py | o Lol
\LHHW ‘!o@b L= 17

-y

VIHINVO

Ol Movd | = .
21T e




132

I9]1I2AU0D (J/V G-V 8L

220 [0 s O]

uwN 4 b it —
B — i ACCON | | 7T ;
0 e ke SOl N33 | 1L yorvaananIBFHLS ) h SH
cd - zg g N\ e | QRLIE e Ny e B2
o (L e LT Ve :&J/ JM, EW doT L1902 de
R A ;J// o1} A 08 82
v\ e | o \# +, v% IND Vel

91N rm| ewa . \

e T i) g™ ﬁ,:om AND - par - i~
..... e gAY L gaooRg . Ny
R B D € -4 W e SOVALL|| Ut

T st rg SE[/\FT)|-ELE AQT
ool FaN ] MH'W m\.!.ﬂ, N _HL.— M‘H . .hxf

(
(] st » B
: A2 VI =71 1o L0<]

RN

N

(6

I

Lol == AT L, G Tl

vel . (ESH)|  cnypy  poesbologiel
bl o VO[T - =V H OF[A

OB oud G HHAANH Ay

Ho bl Vi R A v e

i

D - ‘rmuhgdarﬂm“ e @m H
& m 1 VLV q 0T v
HHLOAWOD IND

7 =
5




133

P

2

i
+

pEQ

o

[ S

-

v ey
el
W
e
_LS.;_

o
<p
I
=
o]

)
¢ pemsd




134

JOIL0ZIUOJUUDUAS Dulwl ] 7 —'01 -
s—-10 - j z
WMS F\H«Q D NENY s ’
, T €186 |
J it GO GS
— G T
sl-2d =GN
LI - L
) 9 oﬂ%J ,,ml@mo.m!l ,mu%z:uu
! %D “ep €150 es
SERC Hmﬂ B S@ﬁ o
0 ! S
S e R NEIAR
- ; <
Bl @@ﬁﬂ €186 /H w..“m
c-2d v =0 S G-vN
| =
T T
_ind = NEIGIER T N
@V@Awm @@M%m g EHE6 Hm\,mﬁw
\ 3 R
wammm ad | L e7-12"
_uv. 4 ﬁDMw . _
F %UJ\/ UU\/ / &Q \>/
. q S=/1T




135

i) 10y Aa! v A ] EL.H:{
v ] .

= < W
<1} i

e ﬁ A0 ma!..u m‘me@ mﬁ“ h? -
i FA SRR o
) D] Av wra
bt | e U
m Mw L ; GI.LV oo/ .M.\_
” g | S —— w“\ . “WE:_
Edrsateil O -
) v o ) —
_ e mm_ = o) ﬁ
[ ST e ]
wx & =5 e
!?huﬁ et / \H; .i
RS o o || | | Y
w/a _ s MG
g,
| o N
/ .\Wﬂi ﬂu.v ﬁﬂu jc A‘ oAt
Vo e nﬁ i awi s M/f — |
<+ _ﬂ T . vk ,

i - g
ST b
PIN ) _nm L] LN
A vt ] {m.l b A
o 5 e, 7 ]
ol 1

o NS ?J
| A ,

L=

o= 09

O oo, oo

b - [
o Feanr” pore”

T

|

|

I

8 ~
T4

T

5

19—5 |

poree,

s -

{/_
D.-'




136

P e
N, TS T P, T, RN [ o
Pl IR EO RS ) i
“ | = - - _xu( /(\ N..
., — PP
WCCCWU @& 4:.&.Cm ”
- &
f i f
~ ,?!..I.Lnlxlj_
e | “
Illr..r)\l.ls !
e o
29 Yy i } T B
03300V UGFIP T B
rfjux:nﬂlll..U T
S I
T e \shdu.;.rll!l{zs
e -
Jltlllvlr(r.r el Hx(‘l!lll!fl'l
kxh,.uqhﬁnu e reeeee
i lIl\.(...lI ir.fr}nl.l]ll\ |.|u‘||||||.ll.|o||.l...s\!l
- " = e’ o =
e, e
T e oo
5 e
-l'h.kl.lf\l ~1 e S ———
ll|xll -
.ll\\l - H
el =

AS]



137

o]=

e
f
o

Iy

|
-
3.
..f.‘_x

BN
'!
o~ \K
|
T
o)

S
|
|

v
P

UOILOA S

s

HZ = M

-

LD OAUAISUDD

SO0 Ej%CWEDZ

W

¥ L

yoaoud Auapiou

SNTH,

Ly

a4y 40

!

AOLDEA

— y
L U S O e S
g
}llsflkt
34U} 40 T
W g l.r.(:qf
P WA WA Y 5 i —
& A k\\&\\
<
Tk
T A
T g
LL(.\\.L.. - L,
{IL\L.. - '
'ln\.\\]L\ R i o
uoroyd ps3D0dd 40
248 40 A Tan SO N
e o 1



138




